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Abstract 
Footwear is considered necessary apparel for children’s foot comfort and protection. In 
Australia, flip-flops (thongs) are an inexpensive and popular footwear style. Despite their 
popularity among children, strong clinical opinion endures of the potential deleterious effect 
of thong footwear on developing feet. This anecdotal clinical opinion persists, despite the 
absence of scientific investigation of the gait-altering effects thongs have on children’s foot 
motions. On the contrary, thongs may be beneficial for children’s developing feet due to the 
footwear’s flexible and unrestrictive nature, as children who mature within habitually 
barefoot communities are observed to develop stronger and healthier feet. The aim of this 
thesis is to provide clinicians with a firm evidence base on which they can discuss this topic 
with concerned parents and guardians, while considering the alternative supportive shoe. The 
background introduces the reader to the established principle that supports the notion that 
‘barefoot is best’, outlining the gait-altering effect of footwear, existing knowledge of the 
effect of thong wear in the context of the developing nature of human ambulation and the 
physiological basis for children’s foot maturation (see Chapter 1). The method used to 
determine and describe the effect of footwear on children’s lower limb dynamics is outlined 
(see Chapter 2). Thongs resulted in increased ankle dorsiflexion during the contact phase of 
gait by 10.9° while walking and by 8.1° while jogging; increased midfoot plantarflexion 
during mid-stance by 5.0° while jogging and during propulsion by 6.7° while walking and by 
5.4° while jogging; increased midfoot inversion during contact by 3.8° while jogging and 
reduced hallux dorsiflexion during walking, 10 per cent prior to heel strike by 6.5° at heel 
strike by 4.9° and 10 per cent post toe-off by 10.7° (see Chapter 3). Sudden directional 
change during a simulated sidestep, during the stance phase of gait while wearing thongs, 
resulted in reduced ankle transverse plane motion by 2.0° (22%), while supportive shoes 
reduced midfoot sagittal-plane motion by 13.1° (45%) and midfoot frontal plane motion by 
3.2° (32%). Both thongs and supportive shoes reduced hallux motion by 5° (21%) and 10.4° 
(44%), respectively (see Chapter 4). In the sagittal plane, wearing supportive shoes reduced 
midfoot peak plantarflexing angular velocity by 15ᵒ/sec (60%), plantarflexion moment by 
0.087Nm/kg (9%), power generation by 4.6W/kg (25%) and increased ankle plantarflexion 
moment by 4.1Nm/Kg (364%). In the frontal plane, midfoot peak everting angular velocity 
was reduced by 5.1ᵒ/sec (67%), as was ankle peak inverting angular velocity by 2.6ᵒ/sec 
(27%). 
v 
In the transverse plane, midfoot peak abducting velocity was reduced by 2.2ᵒ/sec (31%) and 
peak ankle abduction moment increased by 0.14Nm/kg (90%) (see Chapter 5).
The thesis background presented in Chapter 1 provides a basis of understanding for clinicians 
and scientists to consider the implications footwear may have on children’s developing feet 
and gait. The methodological approach outlined in Chapter 2 outlines the approach required 
to determine the effect of footwear on children’s feet using stereophotogrammetry. The three 
studies presented in this thesis (see Chapters 3, 4 and 5) provide significant insight into the 
complex mechanisms children engage to wear thongs and the alternative supportive shoe.
Ankle dorsiflexion during the contact phase of walking and jogging, combined with reduced 
hallux dorsiflexion during walking, suggests a mechanism to retain the thong during weight 
acceptance. Greater midfoot plantarflexion throughout mid-stance while walking and 
throughout mid-stance and propulsion while jogging indicate a gripping action to sustain the 
thong during stance. Contrary to anecdotal reports, thongs carry a greater risk of injury than 
shoes that are not supported by the kinematic results reported in this study, as barefoot 
motions were unaffected by thongs during the simulated sidestep. The understanding of the 
sagittal-plane midfoot splinting effect of supportive shoes was reinforced to include a 
splinting effect in the frontal and transverse planes while sidestepping. Thongs had a minimal 
effect on barefoot dynamics, while supportive shoes limited midfoot power generation with a 
corresponding increase in ankle power generation. Although these compensations exist, the 
overall findings suggest that foot motion when wearing thongs may be more replicable of 
barefoot motion than originally thought. In terms of foot arch development, thongs may be 
more beneficial than supportive shoes, due to the minimal alterations to barefoot motions 
when they are worn. The reported midfoot plantarflexion required to grip the thong may be 
beneficial to children’s foot arch strengthening and overall foot development. Conversely, 
supportive shoes, although they have the necessary protective features, have been shown to 
inhibit midfoot and hallux motions with a compensatory increase in ankle motions.
vi 
Acknowledgements 
I would like to thank my supervisor, Professor Richard Smith, who saw potential in me and 
invited me to join Sydney University’s Footwear Research Group. Professor Smith has guided 
me tirelessly throughout the research process, with an unwavering desire to challenge our 
understanding. To my associate supervisor, Dr Andrew Greene, thank you for repeatedly 
picking me up and dusting me off with solid intellectual guidance and ever-positive feedback. 
To my associate supervisor, Professor Joshua Burns, I have been honoured by your guidance 
as a colleague, clinician and researcher who has championed modern Australian podiatry. I 
would like to thank my other associate supervisors, Professor Benedict Vanwanseele and Dr 
Adrienne Hunt, for their support, encouragement and assistance in producing this robust and 
valuable contribution to lower limb health. 
I would like to thank my participants and the parents of the children who participated in the 
studies presented in my thesis. Without their enthusiasm and unwavering interest during the 
monotonous hours of testing, this thesis would not have been possible. Thank you to my 
professional podiatry colleagues, with whom I have practiced in the time it has taken to bring 
this thesis together and, especially, my past practice manager and friend, Amanda 
Gurney/Azzopardi, who assisted me in managing the constraints of a busy patient load and 
podiatry practice. A special thanks to Dr Caleb Wegener, whose guidance in the early days 
showed a maturity beyond his years with his message to maintain focus and avoid the daily 
distractions faced as a practicing clinician.  
I dedicate this thesis to my mother, Elizabeth Chard (podiatrist), whose passion and drive for 
helping people with foot and leg pain was reinforced at every dinner table conversation and is 
seemingly endless. To my father, Brian Chard, my personal cheer squad, who has always put 
his family before himself and unquestionably raced me from one sport training to another and 
from game to game, often at obscene times, all the while cheering louder than anyone else. 
Capstone Editing provided copyediting and proofreading services, according to the guidelines 
laid out in the university-endorsed national ‘Guidelines for Editing Research Theses’. 
Finally, to my wife, Sarah Murray, I love you and am truly excited with the thought of living 
the rest of my life with you. 
vii 
The boat he was on was running down sea when she took ‘one wicked sea from hell’. 
The stern lifted, the bow dropped, and they started surfing down the face of the wave. 
When they got to the bottom there was nowhere to go but down, and the crest of the 
breaking wave drove them like a piling. Chris looked out the porthole, and all he 
could see was black. 
If you look out the porthole and see white-water, you're still near the surface and 
relatively safe. If you see green water, at least you're in the body of the wave. If you 
see blackwater, you're a submarine. ‘I felt the boat come to a complete stop,’ says 
Chris. ‘I thought, “My god we’re going down.” We hung there a moment and then 
the buoyancy caught, and it was as if she’d been thrown into reverse. We ploughed 
right back out the way we came.’ 
The Perfect Storm (p. 76): Sebastian Junger 
viii 
Contents 
Candidate’s Certificate ....................................................................................................... ii 
Supervisor’s Certificate .................................................................................................... III 
Abstract .............................................................................................................................. iv 
Acknowledgements ............................................................................................................. vi 
Contents ............................................................................................................................ viii 
List of Figures..................................................................................................................... xi 
List of Tables .................................................................................................................... xiv 
Chapter 1: Thesis background ........................................................................................... 1 
1.1 Barefoot is best ............................................................................................................ 2 
1.2 The evolution of shod walking ..................................................................................... 2 
1.3 Influence of footwear on foot motion ........................................................................... 4 
1.4 Influence of thongs on foot motion .............................................................................. 8 
1.5 Gait maturity.............................................................................................................. 10 
1.5.1 Structural maturity ............................................................................................... 10 
1.5.2 Dynamic maturity ................................................................................................ 14 
1.5.3 Foot maturity ....................................................................................................... 17 
1.5.4 Pathological foot development ............................................................................ 21 
1.6 Foot posture measurement ......................................................................................... 26 
1.6.1 Foot posture index ............................................................................................... 28 
1.7 Measurement of foot motion ...................................................................................... 32 
1.7.1 History of midfoot joint analysis ......................................................................... 33 
1.7.2 Sydney foot model .............................................................................................. 35 
1.7.3 In-shoe analysis ................................................................................................... 42 
1.8 Clinical opinion ......................................................................................................... 43 
1.9 Thesis aims ................................................................................................................ 44 
1.10 Thesis objectives ...................................................................................................... 44 
1.11 Thesis outline........................................................................................................... 44 
1.12 Dissemination of results ........................................................................................... 45 
1.13 References ............................................................................................................... 48 
Chapter 2: Method ............................................................................................................ 67 
2.1 Experimental design .................................................................................................. 68 
2.2 Participants and recruitment ....................................................................................... 68 
2.3 Instruments ................................................................................................................ 69 
2.3.1 Motion analysis system ....................................................................................... 69 
2.3.2 Cameras .............................................................................................................. 70 
2.3.3 Force platform ..................................................................................................... 71 
2.3.4 Cortex 1.1™ ........................................................................................................ 72 
2.3.5 Laboratory calibration ......................................................................................... 73 
2.3.6 Reflective markers ............................................................................................... 77 
2.4 Model segments and joint coordinate systems ............................................................ 77 
2.4.1 Model segments .................................................................................................. 77 
2.4.2 Joint coordinate systems ...................................................................................... 83 
2.5 Experimental procedure ............................................................................................. 87 
ix 
2.5.1 Laboratory set up ................................................................................................. 87 
2.5.2 Subjective assessment ......................................................................................... 87 
2.5.3 Physical examination ........................................................................................... 88 
2.5.4 Participant preparation ......................................................................................... 89 
2.5.5 Footwear conditions ............................................................................................ 91 
2.5.6 Reference position ............................................................................................... 93 
2.5.7 Dynamic trials ..................................................................................................... 94 
2.6 Data processing (KinTrak™) ..................................................................................... 96 
2.7 Data analysis (MatLab™) .......................................................................................... 97 
2.8 Statistical analysis (SPSS™) ...................................................................................... 98 
2.9 References ................................................................................................................. 99 
Chapter 3: Effect of thong style flip-flops on children’s barefoot walking and 
jogging kinematics ........................................................................................................... 104 
3.1 Preface ..................................................................................................................... 105 
3.2 Abstract ................................................................................................................... 106 
3.3 Background ............................................................................................................. 106 
3.4 Methods ................................................................................................................... 107 
3.4.1 Participants ........................................................................................................ 107 
3.4.2 Model, segment and joint angle definitions ........................................................ 107 
3.4.3 Experimental approach ...................................................................................... 108 
3.4.4 Equipment ......................................................................................................... 108 
3.4.5 Data processing ................................................................................................. 109 
3.4.6 Statistical analysis ............................................................................................. 109 
3.5 Results ..................................................................................................................... 109 
3.5.1 Participants ........................................................................................................ 109 
3.5.2 Kinematics ........................................................................................................ 109 
3.6 Discussion ............................................................................................................... 110 
3.7 Conclusions ............................................................................................................. 112 
3.8 References ............................................................................................................... 113 
Chapter 4: Effect of thong style flip-flops and supportive shoes on children barefoot 
sidestep kinematics: nested repeated measures design .................................................. 114 
4.1 Abstract ................................................................................................................... 116 
4.2 Background ............................................................................................................. 116 
4.3 Methods ................................................................................................................... 118 
4.3.1 Participants ........................................................................................................ 118 
4.3.2 Model marker placement ................................................................................... 119 
4.3.3 Segment and joint angle definitions ................................................................... 120 
4.3.4 Equipment ......................................................................................................... 122 
4.3.5 Experimental procedure ..................................................................................... 122 
4.3.6 Data processing ................................................................................................. 123 
4.3.7 Statistical analysis ............................................................................................. 124 
4.4 Results ..................................................................................................................... 124 
4.4.1 Sidestep velocity ............................................................................................... 124 
4.4.2 Joint range of motion ......................................................................................... 124 
4.4.3 Contact phase .................................................................................................... 125 
4.4.4 Mid-stance phase ............................................................................................... 125 
4.4.5 Propulsion phase ............................................................................................... 125 
4.5 Discussion ............................................................................................................... 132 
4.6 Conclusion ............................................................................................................... 135 
x 
4.7 Declaration .............................................................................................................. 136 
4.7.1 Ethics approval and consent to participate ......................................................... 136 
4.7.2 Consent for publication ..................................................................................... 136 
4.7.3 Availability of data and material ........................................................................ 136 
4.7.4 Competing interests ........................................................................................... 136 
4.7.5 Funding ............................................................................................................. 136 
4.7.6 Authors’ contributions ....................................................................................... 136 
4.7.7 Acknowledgements ........................................................................................... 137 
4.8 References ............................................................................................................... 138 
Chapter 5: Effect of thong style flip-flops and supportive shoes on children’s 
midfoot kinetics during the propulsive phase of walking .............................................. 142 
5.1 Abstract ................................................................................................................... 144 
5.2 Background ............................................................................................................. 144 
5.3 Methods ................................................................................................................... 146 
5.3.1 Participants ........................................................................................................ 146 
5.3.2 Model marker placement ................................................................................... 147 
5.4 Segment and joint angle definitions ......................................................................... 147 
5.4.1 Experimental procedure ..................................................................................... 149 
5.4.2 Equipment ......................................................................................................... 150 
5.4.3 Data processing ................................................................................................. 150 
5.4.4 Statistical analysis ............................................................................................. 152 
5.5 Results ..................................................................................................................... 152 
5.5.1 Individual differences ........................................................................................ 156 
5.6 Discussion ............................................................................................................... 159 
5.7 Limitations .............................................................................................................. 162 
5.8 Conclusion ............................................................................................................... 162 
5.9 References ............................................................................................................... 164 
Chapter 6: Concluding remarks ..................................................................................... 169 
6.1 Overview of the key findings ................................................................................... 170 
6.1.1 Chapter 1 ........................................................................................................... 170 
6.1.2 Chapter 2 ........................................................................................................... 171 
6.1.3 Chapter 3 ........................................................................................................... 171 
6.1.4 Chapter 4 ........................................................................................................... 172 
6.1.5 Chapter 5 ........................................................................................................... 172 
6.2 Limitations .............................................................................................................. 172 
6.3 Implications of the thesis ......................................................................................... 175 
6.4 Direction for future research .................................................................................... 176 
6.5 Thesis conclusion .................................................................................................... 177 
6.6 References ............................................................................................................... 178 
List of Appendices ........................................................................................................... 201 
Appendix 1 Foot Posture Index ...................................................................................... 202 
Appendix 2 Recruitment media release .......................................................................... 222 
Appendix 3 Recruitment poster...................................................................................... 223 
Appendix 4 Parent/guardian information pack ............................................................... 224 
Appendix 5 Parent/guardian consent form ..................................................................... 231 
Appendix 6 Participant information sheet ...................................................................... 232 
Appendix 7 Media interest ............................................................................................. 233 
Appendix 8 International Society of Biomechanics in Sport: Full abstract ...................... 234 
xi 
List of Figures 
Figure 1-1 First documented footwear ................................................................................... 3 
Figure 1-2 Traditional Japanese ‘geta’ clog ........................................................................... 7 
Figure 1-3 Calcaneonavicular (Spring) ligament.................................................................. 19 
Figure 1-4 The windlass mechanism ................................................................................... 20 
Figure 1-5 Bilateral pes planus, seven-year-old child ........................................................... 21 
Figure 1-6 Bilateral chronic adult pes planus secondary to midfoot collapse ........................ 22 
Figure 1-7 Bleck’s (1983) classification of metatarsus adductus ......................................... 23 
Figure 1-8 Metatarsus adductus typical of a newborn infant (severe Bleck’s angle) ............ 24 
Figure 1-9 Metatarsus adductus pathological presentation of a four-year-old ...................... 25 
Figure 1-10 Metatarsus adductus chronic pathological presentation (severe Bleck’s 
angle) ................................................................................................................ 25 
Figure 1-11 Quantifying foot posture, pedographic approach .............................................. 27 
Figure 1–12 Graphical representation of the FPI scores and their relationship to healthy 
normal foot postures ......................................................................................... 30 
Figure 1-13 Kidder et al.’s (1996) three-segment foot model ............................................... 34 
Figure 1-14 Posterior tibial tendon dysfunction ................................................................... 36 
Figure 1-15 Sydney foot model 1999 .................................................................................. 37 
Figure 1-16 Sydney foot model 2001 .................................................................................. 38 
Figure 1-17 The ISB proposed ankle joint coordinate systems ............................................. 39 
Figure 1-18 Sydney foot model 2007 .................................................................................. 41 
Figure 1-19 Sydney foot model marker locations ................................................................ 42 
Figure 1-20 The removable rearfoot wand triad ................................................................... 43 
Figure 2-1 The University of Sydney Biomechanics Laboratory and motion analysis 
system, including 14 video cameras, force platform and desktop computer ....... 70 
Figure 2-2 Motion analysis captured volume and camera placement, as observed with 
Cortex 1.1™ software ....................................................................................... 71 
Figure 2-3 Force platform interface observed in Cortex1.1™ for force plate 1 (FP1) with 
factory supplied 8 x 8 calibration matrix (calid.trb) file applied ......................... 72 
Figure 2-4 Camera focal length and orientation, as observed in Cortex1.1™ ....................... 74 
Figure 2-5 The rectangular seed (Motion Analysis Corporation) necessary to define the 
LCS and FP1 location ....................................................................................... 75 
Figure 2-6 Camera orientations and the defined capture volume, as observed with 
Cortex1.1™ software ........................................................................................ 75 
Figure 2-7 Laboratory light source masking ........................................................................ 76 
Figure 2-8 Calibration wand (Motion Analysis Corporation) ............................................... 76 
Figure 2-9 Detachable wand triad marker and stirrup .......................................................... 80 
xii 
Figure 2-10 Detachable foot markers and wand triad ........................................................... 81 
Figure 2-11 Sydney foot model marker set applied to participant, anterior view .................. 82 
Figure 2-12 Hip JCSs, as recommended by ISB, Wu et al. (2002) and corresponding LCS .. 83 
Figure 2-13 Knee JCS and corresponding LCS .................................................................... 84 
Figure 2-14 Ankle JCS and corresponding LCS .................................................................. 85 
Figure 2-15 Midfoot JCS and corresponding LCS ............................................................... 86 
Figure 2-16 First MTP JCS and corresponding LCS ............................................................ 87 
Figure 2-17 Beighton Hypermobility Index ......................................................................... 89 
Figure 2-18 Participant preparation and marker application ................................................. 90 
Figure 2-19 Spring scale...................................................................................................... 91 
Figure 2-20 Thong-style Havaianas flip-flops (Alpargatas, São Paulo, Brazil) ..................... 92 
Figure 2-21 Supportive shoe, Clarkes Detroit (C & J Clark International Ltd) ..................... 93 
Figure 2-22 Reference position ........................................................................................... 94 
Figure 2-23 Participant walking during data collection while wearing thongs ...................... 95 
Figure 2-24 Participant jogging barefoot ............................................................................. 95 
Figure 2-25 Sidestepping task ............................................................................................. 96 
Figure 3-1 Images of the foot and leg with markers used for the definition of segments 
and their embedded axes. ................................................................................ 107 
Figure 3-2 Example simple non contoured thongs. ............................................................ 108 
Figure 3-3 Sagittal plane ankle motion in walking gait ...................................................... 110 
Figure 3-4 Sagittal plane midfoot motion in walking gait. ................................................. 110 
Figure 3-5 Sagittal plane hallux motion in walking gait ..................................................... 112 
Figure 3-6 Sagittal plane ankle motion in jogging gait ....................................................... 112 
Figure 3-7 Sagittal plane midfoot motion in jogging gait ................................................... 112 
Figure 3-8 Frontal plane midfoot motion in jogging gait. ................................................... 112 
Figure 4-1 Participant with markers applied to define segments and their embedded axis .. 120 
Figure 4-2 Ankle JCS and corresponding LCS .................................................................. 121 
Figure 4-3 Footwear conditions ......................................................................................... 122 
Figure 4-4 Stance frontal plane hip motion in sidestepping gait including 20% before and 
20% after stance (Y-axis) ................................................................................ 128 
Figure 4-5 Stance phase frontal plane knee motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) ............................................................... 128 
Figure 4-6 Stance phase sagittal-plane ankle motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) ............................................................... 129 
Figure 4-7 Stance phase transverse plane ankle motion in sidestepping gait including 
20% before and 20% after stance (Y-axis) ....................................................... 129 
Figure 4-8 Stance phase frontal plane ankle motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) ............................................................... 130 
xiii 
Figure 4-9 Stance phase sagittal-plane midfoot motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) ............................................................... 130 
Figure 4-10 Stance phase frontal plane midfoot motion in sidestepping gait including 
20% before and 20% after stance (Y-axis) ....................................................... 131 
Figure 4-11 Stance phase sagittal-plane 1st MTP joint motion in sidestepping gait 
including 20% before and 20% after stance (Y-axis) ....................................... 131 
Figure 5-1 Participant with markers applied to define segments and their embedded axis .. 148 
Figure 5-2 Ankle JCS and corresponding LCS .................................................................. 148 
Figure 5-3 Footwear conditions ......................................................................................... 150 
Figure 5-4 Sagittal plane mean curve ensembles for ankle and midfoot joint kinetics 
while barefoot (red), wearing thongs (blue) and supportive shoes (green) 
from 60%–120% of stance .............................................................................. 153 
Figure 5-5 Frontal plane mean curve ensembles for ankle and midfoot joint kinetics while 
barefoot (red), wearing thongs (blue) and supportive shoes (green) from 
60%–120% of stance ....................................................................................... 154 
Figure 5-6 Transverse plane mean curve ensembles for ankle and midfoot joint kinetics 
while barefoot (red), wearing thongs (blue) and supportive shoes (green) 
from 60%–120% of stance .............................................................................. 155 
Figure 5-7 Variability of children’s ankle and midfoot dynamics during the propulsive 
phase of gait .................................................................................................... 157 
Figure 5-8 Ankle and midfoot sagittal-plane peak propulsive power (W/kg) contribution 
to overall propulsion while barefoot (red), wearing thongs (blue) and 
supportive shoes (green) with 95% CIs ........................................................... 157 
xiv 
List of Tables 
Table 1-1 Ossification ages of human foot bones (Hoerr 1962) ........................................... 18 
Table 1-2 The six-foot FPI tests and their relationships to joint and plane ........................... 29 
Table 1-3 FPI scores and their relationship to healthy/normal foot postures ......................... 29 
Table 2–1 Marker locations for pelvis segment ................................................................... 78 
Table 2–2 Marker locations for thigh segment ..................................................................... 78 
Table 2–3 Marker locations for shank segment .................................................................... 79 
Table 2–4 Marker locations for rearfoot segment ................................................................ 79 
Table 2–5 Marker locations for forefoot segment ................................................................ 81 
Table 2–6 Marker locations for hallux segment ................................................................... 82 
Table 3-1 Study participant characteristics (n = 13) ........................................................... 108 
Table 3-2 Mean, p value and 95% confidence interval for the difference between the 
means for the joint range of motion and velocity over the stance phase for 
barefoot and thong while walking and jogging ................................................ 109 
Table 3-3 Mean, p value and 95% confidence interval for the difference between the 
angle means over the stance phase for barefoot and thong while walking and 
jogging............................................................................................................ 111 
Table 4-1 Study participant characteristics (n = 11) ........................................................... 119 
Table 4-2 Sidestep X, Y and resultant velocity .................................................................. 126 
Table 4–3 Mean joint ROM during stance phase in three planes for barefoot, thong and 
supportive shoe while sidestepping ................................................................. 127 
Table 5-1 Participant characteristics (n = 12) ..................................................................... 146 
Table 5-2 Marker locations and relative segments ............................................................. 149 
Table 5-3 Ankle and midfoot peak angular velocities (ᵒ/sec), moment’s (Nm/kg) and 
powers (W/kg) for sagittal, frontal and transverse plane walking barefoot, 
wearing thongs and supportive shoes during the propulsive phase of gait ........ 158 
Chapter 1: Background to the thesis 
1 
Chapter 1: Thesis background 
Chapter 1: Background to the thesis 
2 
1.1 Barefoot is best 
An individual’s foot and lower limb health may be influenced by the shoes they wore as a child. 
A large body of observational and epidemiological studies indicate that the best shoe model for 
developing feet is no shoes (unshod). Children who have been brought up unshod, have been 
found to have stronger, healthier feet with a lower incidence of toe deformities (Staheli 1991) 
and flat-footed posture (Echarri & Forriol 2003; Rao & Joseph 1992; Sachithanandam & 
Joseph 1995; Staheli, Chew & Corbett 1987) in their developing years. Indeed, the ideal 
footwear for children’s developing feet allow the feet to move freely (Walther et al. 2008, 
Staheli 1991). 
Footwear is thought to have been worn as far back as 40,000 years ago (Trinkaus & Shang 
2008). The first evidence of footwear has been determined as 10,000 years old. This footwear 
was made from sagebrush bark woven into a flat surface the size of a person’s foot and 
fashioned to protect the foot’s plantar surface (Cavanagh 1980). 
The assumption that children would benefit from supportive footwear to prevent adult 
disability was introduced over 200 years ago by Nicholas Andry (1743). In recent times, 
footwear has come under increased scrutiny because there is concern that children’s foot 
development may be influenced by their shoes. The intellectual pendulum relating to children’s 
optimal footwear has swung away from supportive footwear to a minimalist approach. Thongs 
are representative of minimalist footwear and are the preferred footwear of Australasian 
children (Penkala 2008). Despite their unrestrictive construction and the absence of empirical 
evidence reporting their effect on barefoot motions, strong clinical opinion persists of the 
injurious and detrimental influence thongs may have on children’s developing feet. This thesis 
explores the potential effects of thongs on children’s unrestricted barefoot motions during the 
daily tasks of walking, jogging and sidestepping. This research attempts to bridge the gap 
between existing evidence and anecdotal clinical opinion. 
1.2 The evolution of shod walking 
Humans have principally been barefoot for most of their evolutionary history (Bramble & 
Lieberman 2004). There is a strong body of evidence that pre-human Australopithecines 
walked with a bipedal gait (Galik et al. 2004; Haile-Selassie 2001) approximately 4.4 million 
years ago (Aiello & Dean 1990; Ward 2002). A fossil was discovered in 1924 in Taung, South 
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Africa and radiocarbon dated as 2.3 million years old. Following Australopithecus africanus 
in our evolutionary chain was Homo erectus, described as the first distinctly human-shaped 
ancestor, who is thought to have preferred walking in a bipedal manner approximately two 
million years ago (Bramble & Lieberman 2004). Anthropological evidence suggests that 
footwear was first worn 40,000 years ago and was also worn during the middle-upper 
Palaeolithic period (Trinkaus & Shang 2008). Supportive footwear at these times is considered 
rare. Trinkaus et al. (2008) reported that the middle proximal phalanges of humans from the 
Middle Palaeolithic transition period were distinctly more gracile, indicating their habitually 
bare feet were more robust than the shod feet of middle-upper Palaeolithic humans. This 
difference is theorised to indicate a reduced reliance on loading the lesser toes during gait in 
middle-upper Palaeolithic humans (Trinkaus 2005; Trinkaus & Shang 2008). The fossilised 
skull affectionately named ‘Mrs Ples’ is from the species Australopithecus africanus, which is 
thought to be the first pre-human or ‘man-ape’ (Dorey 2015). 
The first evidence of footwear, a pair of sandals, was discovered under volcanic ash in Fort 
Rock, Oregon, in the United States (US) (Cavanagh 1980) and was radiocarbon dated to be 
10,000 years old (see Figure 1-1). These sandals, shown in Davis (2014), were made from 
sagebrush bark woven into a flat surface with rope ties to secure them to the foot; they were 
designed to protect the plantar surface of the feet. 
Figure 1-1 First documented footwear 
Dated 10,000 years old (Davis 2014) 
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1.3 Influence of footwear on foot motion 
The assumption that children would benefit from supportive footwear by preventing adult 
disability was introduced by Nicholas Andry over 200 years ago (Andry 1743). More recently, 
footwear has been reported to be instrumental in children developing foot concerns. Penkala 
(2008) conducted a footwear survey of 272 children aged between 4 and 12 years of age. The 
surveyed parents reported that 28 per cent (n = 77/272) of children developed general foot 
soreness or foot injury during the preceding four weeks and 42 per cent of the children’s parents 
attributed the foot complaint directly to the footwear worn at the time of injury. Of these 
symptomatic children, 25 per cent modified their activities of walking, running, jumping and 
playing. Foot symptoms were grouped as rear foot and midfoot. The ankle, heel and arch 
accounted for 22 per cent of reported symptoms. Symptoms pertaining to the forefoot 
comprised 15 per cent of the total symptoms reported. The footwear identified as making the 
greatest contribution to forefoot complaints was thongs, followed by joggers. Thongs, joggers 
and school shoes were equally associated with midfoot and rear foot complaints. 
Footwear has been reported as altering barefoot gait biomechanical variables, including 
spatiotemporal (space and time); kinematic (joint movement); kinetic (external force and 
motion) and electromyography (EMG) (muscle activation) (Kirtley 2006). 
Footwear has been reported to alter temporospatial variables because children wearing shoes 
have been observed to have an accelerated swing phase and a longer stride length, which may 
be secondary to the weight of the shoes and the subsequent increase in pendulum-like inertial 
velocity (Oeffinger et al. 1999). Conversely, this enhanced stride length may be the result of 
increased stability (Franklin et al. 2015), as demonstrated by the reduced stride length reported 
when mature adults wear socks (Tsai & Lin 2013). Shod children maintain a slower cadence 
and contact the ground with increased plantar pressure (Robbins, Waked & McClaran 1995; 
Robbins & Waked 1997; Wegener et al. 2010) while maintaining a similar velocity to unshod 
children. Conversely, barefoot gait is characterised by a shorter stride length and increased 
cadence (Wegener et al. 2011), increased ankle plantarflexion, knee flexion and reduced time 
between contact and heel lift. In addition, the bare foot met the ground nearer to the centre of 
mass, while the shod foot struck the ground ahead of the centre of mass. According to Robbins 
et al. (1995) and Robbins and Waked (1997), this increased plantar pressure is a result of the 
foot striving for proprioceptive conformation due to the shoe’s midsole cushioning with the 
supporting surface. 
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Footwear has been reported to alter barefoot kinematics. Traditional leather-covered supportive 
school shoes reduce the natural flexion and extension motions of the forefoot and midfoot 
(O’Meara et al. 2007b). School shoes were shown to impede hallux extension prior to heel 
strike by 76 per cent and reduce extension during propulsion by 35 per cent. Midfoot 
plantarflexion was reduced by 40 per cent compared to barefoot motions. Further effects of 
footwear on unrestricted barefoot motions include reduced dynamic forefoot spread width 
while wearing sandals (Morio et al. 2009), in addition to arch height, forefoot and hallux 
motions while wearing conventional supportive shoes and enclosed flexible shoes (Wolf, 
Simon et al. 2008). Supportive footwear has been reported to splint the midfoot significantly 
(O’Meara et al. 2007b) and reduce midfoot sagittal-plane motion by 16ᵒ (Smith & McConnell 
2007). 
Unimpeded midfoot motion is important for gait efficiency because midfoot plantarflexion has 
been shown to contribute 35–48 per cent of the combined power generation of the ankle and 
midfoot during the propulsive phase of walking (Bruening, Cooney & Buczek 2012; Dixon, 
Böhm & Döderlein 2012). Midfoot joint plantarflexion, observed while barefoot, is necessary 
for the efficient transfer of stored elastic energy while walking (Smith & McConnell 2007). 
The stiffening effect of footwear is hypothesised to affect the arch development of children, as 
plantar intrinsic foot muscle contraction is retarded. 
Intrinsic foot muscles are active in arch lifting when walking at faster speeds during propulsion 
and are vital for providing stability and support to the longitudinal arch. The posterior tibial 
nerve is the primary innervation source for the plantar intrinsic foot muscles. Fiolkowski et al. 
(2003) examined the effect of ablating this nerve with a tibial nerve block in 10 healthy male 
volunteers and reported a 26.8 per cent reduction in abductor hallucis muscle activity, 
correlating with a drop in navicular height by 3.8 mm and arch height. Wolf, Simon et al. 
(2008) reported the reduction in arch height variation when children walked while wearing 
shoes compared to when they walked barefoot. This stiffening influence of footwear may 
weaken the musculature spanning the midfoot as contraction and relaxation of these muscles, 
which is necessary for them to be strengthened (Hill 1974). 
We hypothesised that the increased use of footwear by modern humans has reduced the 
robustness of their feet, indicated by increased reports of metatarsal stress fractures (Altman & 
Davis 2012; Nagel et al. 2008; Ridge et al. 2013). 
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Trinkaus (2005) and Trinkaus and Shang (2008) considered the archaeological evidence and 
compared the robustness of the lesser toes of upper Palaeolithic and middle-upper Palaeolithic 
humans with recent US samples. Accounting for the contribution of body mass through 
standardised osteometric measures (Brauer 1988), they determined the lesser toe robustness to 
have reduced through comparative measures between the metatarsal and proximal pedal 
phalangeal concavity and diameter and the Palaeolithic sample. They concluded that this 
reduced robustness in foot bones coincided with the increased use of footwear and associated 
reduction in muscle action.  
Reduced foot width and increased plantar pressure have been associated with wearing shoes. 
D’AoÛt et al. (2009) observed the morphological and functional effect of habitual footwear 
use among a shod control group of Indian subjects from the South Indian city of Bangalore 
(who reported to wear shoes daily), combined with a cohort from Belgium and a habitually 
unshod group from Bangalore. This study of urban (habitually shod) and rural (habitually 
barefoot) individuals discovered that the barefoot cohort had wider feet and lower peak 
pressures, which was thought to reduce injury. 
Some habitually shod children have been shown to develop foot pathologies through alteration 
to the osseous and soft tissue foot structures with hallux valgus development (Al-Abdulwahab 
& Al-Dosry 2000). An observational study discovered that inhabitants of an island off St 
Helena had significantly greater incidence of hallux valgus, while the inhabitants of this remote 
volcanic outpost in the South Atlantic Ocean, who typically went without shoes, did not (Shine 
1965). 
Footwear has been hypothesised to influence joint and muscle pathology in women. Kato and 
Watanabe (1981), studied the ratio of foot length to width of 368 girls and 465 boys between 
the ages of ten to fourteen years and determined little difference between genders at these ages 
and an absence of hallux valgus deformity. Among Japanese populations hallux valgus 
deformity remained unreported prior to the Japanese Orthopaedic Association annual meetings 
of 1979 and was considered a European inflection related to cultural footwear fashion choices.  
The increased incidence of hallux valgus deformity seen among Japanese women following 
these junior school years were related to girls selecting more popular European shoe fashions 
in place of the traditional uniform requirements of junior school. Thus, suggesting the 
traditional less restrictive, footwear such as thongs and flats worn with ‘tabi’ socks (socks that 
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separate the first and lesser toes) and the traditional wooden sandal worn during the evening, 
‘geta’ (see Figure 1-2) to be favourable to the restrictive European footwear styles. 
 
Figure 1-2 Traditional Japanese ‘geta’ clog 
Source: Kato and Watanabe 1981. 
Persistently wearing high-heeled shoes alters the neuromechanics of walking by increasing 
muscle fascicle strain and muscle activation compared to walking barefoot. Elevated heels 
contribute to this reported discomfort and muscle fatigue, and potentially increase the wearer’s 
risk of strain injury (Cronin, Barrett & Carty 2012). Shoes with elevated heel heights of 45 mm 
and soft-soled shoes (shore A–25 hardness) reportedly impair medio-lateral balance control 
(Menant et al. 2008) and muscle contraction (Csapo et al. 2010). Csapo et al. (2010) discovered 
that women who habitually wore shoes with a 50 mm heel height over a two-year period have 
significantly shorter medial gastrocnemius muscle-tendon units. Further, these women had a 
13 per cent reduction in fascicle length, altering their tendon-to-fascicle length ratios and 
causing increased Achilles tendon stiffness. 
Paleoanthropologic evidence supports these findings, as footwear alters the muscle function of 
more recently shod populations compared with ancient unshod populations. Zipfel and Berger 
(2007) deduced that severe pathological lesions observed between metatarsal bones were 
caused by increased muscle strain when wearing shoes. Footwear has been reported to 
contribute to other chronic and painful foot conditions (Menz & Lord 2001), such as 
hyperkeratosis (Menz, Zammit & Munteanu 2007). 
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1.4 Influence of thongs on foot motion 
The minimalist design of thongs may be beneficial for children’s developing feet due to the 
footwear’s flexible and unrestrictive construction (Walther et al. 2008), when compared to the 
influence enclosed footwear has on barefoot dynamics (Wegener et al. 2011; Wegener et al. 
2015). As the most inexpensive form of footwear, thongs have been reported to be the preferred 
footwear of Australian children (Penkala 2009). They are typically modelled on the traditional 
Japanese ‘zori’ straw sandal worn during the Second World War (Ashizawa et al. 1997) and 
comprise a Sorbo rubber template loosely secured to the foot by a single rubber strap extending 
from the first web space to the base of the first and fifth metatarsals (Johnson 1967). 
At the time of writing, the of influence thongs on a child’s developing foot dynamics had 
received only minor attention from the scientific community. This is despite the period children 
are shod and the accepted perspectives of Staheli (1991) and Walther et al. (2008) that the best 
shoe for the developing foot is no shoe at all. The popularity of thongs and the absence of 
empirical evidence describing the effects of thongs on children’s gait have led practitioners to 
rely on clinical experience when advising on the suitability of thongs for children. This has 
supported longstanding beliefs that foot adaptations are necessary to secure thongs to the feet 
during gait. Clinicians have anecdotally described toe-clawing as necessary to maintain the 
interaction between the thong and foot. They have associated increasing rates of thong wear 
with increased reports of heel pain and shin-splints in 15–25-year-olds (Borland 2010; Matusek 
2007). 
While no prior study has examined the effects of thongs on children’s feet, adults have featured 
in five studies that considered plantar pressure during stance (Carl & Barrett 2008), two-
dimensional ankle kinematics during the swing phase of gait (Shroyer & Welimar 2010), a 
three-dimensional comparison of Fit-Flops© to thongs (Price et al. 2010), ankle kinetics while 
wearing thongs, extrinsic EMG measures (Price, Andrejevas et al. 2014) and ground clearance 
when thongs were worn (Sharpe et al. 2016). 
Carl and Barrett (2008) studied 10 females (mean age: 24.6 years) and found thongs to be more 
protective for foot health than bare feet were. Thongs reduced plantar pressure at the heel and 
metatarsal heads, although not as much as athletic shoes. Tests were conducted using F-scanTM 
technology. Due to their cushioning effect, rear foot, forefoot and hallux plantar pressure was 
reported to reduce when thongs were worn, compared with being barefoot. The reduced hallux 
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pressure led researchers to question clinicians’ commonly held belief that the toes must ‘claw’ 
to maintain interaction between the foot and thong. 
Shroyer and colleagues (2010) studied 53 females (mean age: 21.5 ± 1.6 years) with 3-D 
motion analysis to determine the effects of three types of thongs on ankle eversion and foot 
pronation. Ankle eversion, though clinically insignificant in this case, was reported to reduce 
by 0.61° (p < .001) when unmodified thongs were worn, compared to when feet were bare 
(Shroyer et al. 2010). Shroyer and Welimar (2010) assessed 37 females and 19 males (mean 
20.85 ± 1.39 years), using the participants’ thongs and sneakers for comparison. As the 
sneakers were not controlled for brand or age, and the reflective markers were mounted on the 
outside of the test shoes with a single-segment foot model adapted to report kinetic outcomes, 
these results should be interpreted with caution 
Price et al. (2010) analysed 17 females (mean age: 43 ± 11.4 years) using three-dimensional 
motion analysis and discovered that wearing standard thongs had minimal influence on 
barefoot motion. Price, Andrejevas et al. (2014) examined sagittal-plane ankle kinetics and 
reported the standard thong effect at the ankle. The Havaianas-branded thongs tested 
demonstrated a hardness of (shore A) 33. Participants’ self-selected walking velocity (1.29 ± 
0.11 ms-1) remained unchanged between barefoot and thong conditions. During the swing 
phase of gait, participants adjusted their barefoot ankle kinematics with greater maximum ankle 
dorsiflexion during the thongs condition (7.6 ± 2.6°) compared to walking barefoot (6.7 ± 2.6°), 
and with reduced maximum plantarflexion when thongs were worn (15.4 ± 5.1°) compared 
with being barefoot (16.8 ± 4.7°). The increased dorsiflexion was attributed, in part, to the 31.2 
per cent greater activity in anterior tibialis activation observed prior to the contact phase during 
the thong condition compared to when barefoot. In the frontal plane, maximum ankle eversion 
was significantly reduced when Havaiana thongs were worn (4.4 ± 1.9°, p = 0.008, d = 0.44) 
compared to when barefoot (4.3 ± 2.1°, p = 0.032, d = 0.37), and was not attributed to peroneus 
longus activation. The loading rate was significantly reduced when thongs were worn, from 
41.4 ± 22.9 BW·s-1 to 26.7 ± 5.6 BW·s-1 (p < 0.001, d > 0.91) when barefoot. 
Sharpe et al. (2016) explored knee and ankle kinematics during the swing phase of gait while 
barefoot or wearing thongs. During the thong condition, healthy adult participants 
demonstrated increased knee flexion (4.6°) and peak ankle dorsiflexion (2°) prior to weight 
acceptance. This was reportedly due to the large separation of the thong from the foot, peaking 
at 88 mm, and the reduced hallux clearance (88 mm) during the swing phase of gait compared 
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to when barefoot. The study concluded that these outcomes may become injurious and carry a 
potentially increased risk of tripping on uneven ground. 
The suggestion that children were at greater risk of injury when wearing thongs than they were 
when walking barefoot was supported by a survey of 272 children (Penkala 2008). Thongs 
were reported to be the preferred footwear for 22 per cent of children, even though thongs, 
together with sandals, were identified as the most commonly worn footwear associated with 
forefoot (15%) and rear foot (22%) injury complaints. Despite these associations, no 
quantitative evidence to support or refute the benefits or disadvantages of children wearing 
thongs was reported in the literature at the time of writing this thesis. 
No shoe is capable of improving the maturation process. A shoe concerning all 
aspects of a child’s foot is distinguished by the fact that it impairs the maturation of 
the foot less than others do. 
Ernie Maier (Staheli 1991; Walther et al. 2008) 
The shoe should in no other way influence the normal foot than to protect it against 
lesion and coldness. 
Wolf, Simon et al. 2008 
1.5 Gait maturity 
The plastic and deformable nature of an infant’s structure lends them to be susceptible to 
developmental change imposed by external influences such as footwear. The internal 
maturation processes of an infant’s structure and dynamic function should be considered in the 
context of clinical recommendations regarding footwear choices. 
1.5.1 Structural maturity 
Infants are born with an immature nervous system and skeletal development due to their 
cramped uterine position. Due to intrauterine pressure, infants are born with externally rotated 
hips and knees and internally rotated ankle and midfoot joints. For gait to mature, these 
transverse plane rotations must ‘unwind’. As bone is influenced by external forces (Wolff 
1892), weight-bearing is necessary for the infantile skeleton to mature and unwind as required. 
Consequently, the early walking of toddlers is characterised by a waddling, apropulsive gait. 
With weight-bearing, this unwinding is observed with a reduction in the foot progression angle 
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following medial and lateral hip rotation, thigh-foot angle and angle of the trans-malleolar axis 
observed in infants (< one-year-old) through to seven-year-olds described as mature by Staheli 
et al. (1985). Recently, Mudge et al. (2014) reported normative data for four to sixteen-year-
old children. They followed the development profiles of Staheli et al. (1985) and extended 
those measures to include hip extension (the modified Thomas test), hip abduction and 
adduction (hips and knees flexed), hip external and internal rotation, femoral anteversion, 
popliteal angle, knee extension, ankle dorsiflexion with knee flexed and extended, bi-malleolar 
axis and knee varus/valgus. These findings support the theory that children’s limbs gradually 
unwind from the foetal position and that an external factor may potentially influence this 
process. 
Peripheral neurological development occurs cephalocaudally (Tax 1985); that is, the lower 
limbs develop motor pathways proximally and then distally. Development of the peripheral 
nervous system happens gradually and, with the demands of gravity and upright posture, infants 
first support their torso and head. This is followed by a desire to explore their environment for 
their wants and needs. Crawling indicates the development of cerebral neural connections, 
encouraging initial bilateral opposing limb function. This is followed by bipedal self-support—
using furniture to balance—known as cruising, and eventually, walking, running, and the 
ascension and descension of stairs. 
During this time, the pull of muscles generates a medial force to unwind or de-rotate the lower 
limbs and feet; their orientations had been affected by the constraints of the uterus. A more 
efficient bipedal gait can then develop. Initially, the inwardly bent feet (metatarsus adductus) 
straighten (Bleck 1983), followed by internal femoral torsion (genu varum/valgum) with 
proximal femoral adduction (coxa vara/valga angles) and, finally, external tibial torsion (in-
toe/out-toe) (Connors et al. 1998; Mudge et al. 2014; Staheli et al. 1987). 
Neuromuscular maturity 
The nervous system achieves the initial stages of maturity between one and two years of age 
(Tax 1985). While the myelinisation process begins in the fourth to sixth foetal month, nerve 
fibres in the lower extremities are the last to receive myelin coating (Tecklin 2008). This 
myelinisation and subsequent increase in coordination matures to adult-like coordination, 
which is usually developed by the age of six, when most organs in the motor mechanism are 
developed. 
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Six months 
At six months, infants can sit upright and support the weight of their torso and head. By nine 
months, the legs and arms coordinate to generate a rhythmic and opposing relationship to 
facilitate crawling (Donker et al. 2001; Herman et al. 1976), which helps to develop bipedal 
coordination. These crawling motions are essential for future motor-skill fitness development, 
which requires alternative limb coordination for agility, balance, coordination, power, reaction 
time and speed (Leppo, Davis & Crim 2000). 
Infants benefit from environmental stimuli when developing neural pathways through 
myelinisation (Sorgen 1998), which is most active up to the age of four and continues at a 
reduced pace through childhood until the age of 20 years (Berger 2003). Stimulating 
sensorimotor environments can encourage infantile movement, thereby assisting the 
development of connections between axons and neurons to aid cerebral development and 
movement perception (Reedy 1999). 
Seven to eight months 
By seven months, infants’ poor balance response and underdeveloped sagittal-plane control 
prevent them from bearing weight without external support. At this stage, their gait is 
dependent on ‘cruising’, which involves the infant rising to a bipedal stance with the assistance 
of furniture and other structures to steady themselves. Leg development at this age is 
characterised by external hip rotation with abduction and a wide angle of gait.  
This flatness is thought to be compensation for the larger externally rotated and abducted hip 
position considered normal at this age (Tecklin 2008). The infant’s cruising activity and 
supported weight-bearing stimulates and contributes to frontal plane hip stability with 
strengthening. 
Sagittal-plane sway and oscillation is minimised by knee stability through the action of plantar 
flexors, which provide ankle stability and restrain the forward rotation of the tibia on the talus. 
This action is achieved by the ankle plantar flexors’ first providing active resistance to the 
forward rotation of the tibia, which they do by lengthening (with eccentric muscle contraction) 
before shortening (with concentric muscle contraction) to retard excessive ankle dorsiflexion 
and restrain the drop of the entire body’s centre of mass. At this age, the plantar flexors do not 
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propel the body forward. Their stabilising effect is essential for the infant to develop their step-
length (Sutherland, Cooper & Daniel 1980). 
Ten months 
Newly developed arm strength allows infants to pull themselves up for increased cruising. 
Cruising gait is characterised by improved sagittal-plane coordination, with decreasing hip and 
knee flexion (Bly 1994). The frontal plane actions observed in cruising contribute to the 
stimulation of hip abduction and adduction, coupled with ankle inversion and eversion (Tecklin 
2008). The next seven weeks are characterised by active squat-to-stand-to-squat motions 
combined with cruising. Prolonged stretch to the muscle spindles of the ankle musculature fire 
primary and secondary afferent endings. This is theorised to improve the contraction and 
stability of the ankle joint (Stockmeyer 1967), which is necessary for independent standing.  
12–15 months 
Independent walking typically begins from 10–15 months of age, most commonly within one 
month of reaching the age of one year. With increasing practice, sagittal-plane balance 
improves, along with greater knee and hip extension, decreased hip abduction and external 
rotation and a subsequent narrowing of the base of gait observed in toddlers. This change 
improves forward alignment of the legs and feet, decreasing the base of support, assisting the 
development of foot heel strike and push-off, together with the collateral action of arm swings 
(Tecklin 2008). 
Two to three years 
The foot progression angle is observed to be variable and increases with external hip rotation 
up to the age of 2.5 years (Inman, Ralston & Todd 1981). At two years of age, the optimal 
walking speed is 0.78 m/s, increasing progressively to 1.39 m/s by the age of 12 years (a speed 
typical of adults). This preferred walking speed is the minimum speed required for the 
pendulum-like transfer of the child’s potential energy at their centre of mass into kinetic energy 
(Cavagna, Franzetti & Fuchimoto 1983). Conversely, running requires the elastic rebound of 
the body within each stride (Schepens, Willems & Cavagna 1998). 
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Three to five years 
The 'chubby' feet of infants mask their arch alignment and appear flat (Mickle, Steele 
& Munro 2006; Steele et al. 1999). Mickle et al. (2006) examined the 'chubby' feet of 
19 non-obese healthy children (three to five years of age) and 19 healthy, obese children. 
She recorded the children’s foot anthropometry using the arch index described by Cavanagh 
and Rodgers (1987) and measured their midfoot plantar fat-pad thickness with ultrasound. 
The longitudinal arch of the obese children’s feet was deemed to be lower than the 
non-obese children. This important study indicates that the foot structure of children 
can be affected by external influence, such as excess weight during early years of 
development. 
1.5.2 Dynamic maturity 
At birth, a healthy infant is in a state of physiological flexion. Due to the confines of the 
uterus, a prone position dominates (Capute 1986). For upright propulsive gait to develop, 
infants must progress through a series of static and then dynamic postures known as 
developmental milestones (Gesell et al. 1943). Progressive maturation of the central 
nervous system is necessary for the toddlers’ inefficient gait to mature to the efficient 
bipedal gait of the adult (Horak 1990; Keshner 1991; Sugden 2007). While a progressive 
order of developmental milestones is generally accepted, each child is unique and the natural 
order of progression can be influenced by intrinsic factors, such as biological structures and 
their functions (Chester, Tingley & Biden 2006) or children’s exposure to extrinsic 
environmental stimuli (Tecklin 2008). 
The variability in infant gait observed under the age of four years is indicative of their 
immature nervous systems and is responsible for observed age-related gait differences 
(Ganley & Powers 2005). This neuromuscular immaturity is thought to be the cause of 
monosynaptic reflex potentials and co-activation of antagonistic leg muscles, resulting 
in poorly coordinated movements (Berger, Quintern & Dietz 1985). 
Stride dynamics are important for gait stabilisation and gait maturity. Infant gait variability is 
thought to be, in part, related to irregular shank growth, considered common prior to 15 
months of age (Sun & Jensen 1994). Despite three-year-olds appearing to have a 
relatively mature bipedal gait (Hausdorff et al. 1999), unsteadiness of stride dynamics, 
secondary to stride-to-stride variability, is observed in children up to the age of seven years. 
Through these ages, the immature walker displays frequent compensatory reactive 
movements and inefficient gait 
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styles. These are, in part, due to the variability of muscle recruitment patterns (Myklebust 1990) 
and immature neuromuscular control of inertial forces generated and requiring stabilisation to 
maintain equilibrium (Berger et al. 1995). 
Children must develop the skills necessary to ambulate with symmetry and stability to optimise 
the physiological cost of gait (Jeng et al. 1997). The learning necessary to develop the dynamic 
cooperation of physiological, neural and musculoskeletal systems for optimisation of walking 
can be subdivided into three distinct stages: an early manifestation of sensitivity to resonant 
frequency, the subsequent development of the ability to modulate walking frequency, and the 
final establishment of the adult optimised form, typically reached by the age of seven years 
(Jeng et al. 1997). 
Sutherland (1997) reviewed previously published variables commonly used in gait analysis, 
including time–distance parameters, kinematics, electromyography, kinetics and energetics. He 
established that there is a clear stabilisation of gait between the ages of 3.5 and 4 years. He 
identified a ‘step factor’ (determined as step-length divided by leg-length) that increases prior 
to four years of age and remains constant and adult. This variable alone can determine growth, 
with increasing leg-length responsible for most changes in velocity, cadence and step-length 
through the remaining years of growth. These findings developed the work of Norlin, Odenrick 
and Sandlund (1981), who reported that velocity and its dependent variables of stride length 
and cadence had the greatest influence on a children’s gait variability up to the age of 8–10 
years. 
Following this maturation period, during skeletal growth and the maturation of the nervous 
system, control is maturing. The primary variable influencing further gait change is related to 
time–distance parameters. This time–distance parameter is mostly affected by leg-length and 
stride or step frequency (Sutherland 1997), which can vary between children due to their 
different body ‘segment’ growth rates (Cameron, Tanner & Whitehouse 1982; Sun & Jensen 
1994).
The maturation of gait following the gait stabilisation phase is thought to be completed by the 
age of seven (Cupp et al. 1999; Dusing & Thorpe 2007; Holm et al. 2009). However, seven-
year-old children may lack neuromuscular maturity, as they do not demonstrate adult-like 
abilities when processing sensory information prior to the age of 12 years (Peterson, Christou 
& Rosengren 2006). 
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For the sagittal plane, adult-like joint kinetics necessary for efficient neuromuscular function 
may follow the principles of cephalocaudal development, progressing proximally to distally. 
As adult-like hip kinetics are thought to be achieved by the age of five years (Cupp et al. 1999; 
Ganley & Powers 2005; Õunpuu, Gage & Davis 1991), knee kinetics by seven years (Ganley 
& Powers 2006) and adult-like ankle kinetics by nine years (Ganley & Powers 2005), midfoot 
and forefoot segments are yet to be tested. If this pattern proves true, the midfoot and forefoot 
are likely to follow the ankle. As the immature foot may still be developing after the age of 
nine years, children’s feet remain susceptible to external influences, such as footwear, which 
may influence their long-term pedal architecture and functional performance. 
Hips 
‘First walkers’, or toddlers, display distinctly different hip motions to adults. From one to one-
and-a-half years of age, toddlers walk with a greater base of support. Compared to adults, the 
hips of toddlers are positioned with increased external rotation, reduced frontal plane adduction 
and reduced sagittal-plane motion (by 9° on average) until three years of age (Sutherland et al. 
1988). Sutherland et al. (1988) concluded that hip and knee kinematics become adult-like by 
the age of four years; however, kinetic patterns for these joints remain immature until five years 
(Cupp et al. 1999; Ganley & Powers 2005; Õunpuu et al. 1991). 
Knees 
Inefficient knee dynamics are present until the age of four to five, as observed by the gradual 
development of the ‘knee flexion wave’ (Sutherland et al. 1988). Described by Sutherland et 
al. (1988), the immature knee flexion wave is present prior to the age of four years, when the 
adult-like knee flexion wave presents. In adults, knee flexion wave is observed with initial knee 
flexion during weight acceptance and is characterised by an exertional knee flexion movement 
controlled with eccentric quadriceps contraction, followed by knee extension into mid-stance. 
The wave is thought to improve the absorption of the ground reaction force and improve the 
energy efficiency of walking (Inman et al. 1981). According to Ganley and Powers (2006), 
children’s knee joint kinematics and movements mature to become adult-like by the age of 
seven years. 
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Ankles 
Cupp et al. (1999) studied 23 healthy children aged between four and 10 years, comparing their 
kinetics with gaits from healthy adults aged 18–21 years. They concluded that children aged 
four to seven years exhibited a significantly reduced plantarflexion movement compared to the 
adults, while no differences were observed when comparing the eight to 10-year-old group to 
the adults. Chester and colleagues compared children aged three to 13, concluding that 
children’s ankle joint kinematics remained immature until nine years of age or older (Chester 
et al. 2006). 
1.5.3 Foot maturity 
Flattened foot posture, commonly referred to as ‘flat feet’, is characterised by midfoot joint 
dorsiflexion observed by the arch of the foot retaining ground contact during stance. It is 
thought to be due to the neuromotor immaturity of young children and is argued to increase the 
number of plantar proprioceptors in contact with the weight-bearing surface and logically 
improving proprioceptive feedback for balance and stability. According to the work of 
Kennedy and Inglis (2002), the glabrous skin of the foot’s sole is highly sensitive, with 70 per 
cent of the sole’s mechanoreceptors having elevated activation thresholds, increasing the foot 
sole’s rapidly adapting sensitivity and contributing to standing balance and motor control. 
The human midfoot comprises osseous and soft tissue structures, including ligaments, the 
medial and lateral bands of aponeuroses and muscles. The maturity of this joint is considered 
necessary for gait maturity. According to Smith and McConnell (2007), the contribution of the 
midfoot to gait efficiency is determined by the effective transfer of weight-bearing stored 
elastic energy necessary for a propulsive gait and may have clinical ramifications for 
developing feet.  
Osseous maturity 
Ossification of the foot bones occurs gradually, as observed in Table 1-1, with most of the toes 
and the medial cuneiform ossifying by one to two years of age. This is followed by the first 
and second metatarsal, middle cuneiform and navicular by the age of two to three years. 
Between three and four years of age, the third and fourth metatarsals ossify, and between four 
and five years of age, the fifth metatarsal and second, third and fourth distal phalanges ossify. 
Finally, by the age of seven to eight years, the calcaneus ossifies (Hoerr 1962). 
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Table 1-1 Ossification ages of human foot bones (Hoerr 1962) 
 
Intrinsic foot muscles 
Despite the intrinsic plantar foot muscles being described as necessary for the support of the 
longitudinal arch, they remain among the most poorly understood structures of the foot, 
followed by the plantar fascia (Fuller 2000), ligaments such as the calcaneonavicular ligament, 
or the ‘spring ligament’ (Borton & Saxby 1997), and extrinsic foot muscles, such as the 
posterior tibial muscle (Rattanaprasert et al. 1999). Intrinsic foot muscles are considered to 
have a stabilising role in healthy foot function (Fiolkowski et al. 2003; Headlee et al. 2008; 
Jam 2006), behaving similarly to the passive, active and neural stabilising mechanisms of the 
spine (Panjabi 1992). According to Headlee et al. (2008), intrinsic foot muscles contribute to 
arch raising and support of the medial longitudinal arch 
Ligament maturity 
Infantile joints are loose and unstable, with ligamentous laxity peaking at two to three years of 
age before diminishing (Barry & Scranton 1983). Most toddlers (70–80%) outgrow this 
ligamentous laxity by the age of six to eight years for females, and 8 to 10 years for males, at 
which point it is considered clinically insignificant (Valmassey 1996). The function of the 
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ligamentous network is to secure the osseous framework and provide a resistive tensile force 
to stabilise the congruity of neighbouring joint articulations. In the case of the midfoot joint 
and its stability, it is essential that the tensile forces experienced by the ligaments work in 
collaboration with the compressive forces generated within the joints (Fuller 2000). Should the 
midfoot joint systems collaboration fail, foot instability and deficiency may develop (Murley, 
Landorf & Menz 2010) and result in prolonged flat-footed posture characterised by midfoot 
joint dorsiflexion. In this circumstance, the consequential prolonged tensile strain placed on 
the supporting ligaments may have a deleterious effect on midfoot joint equilibrium and 
ligament elastic properties for ligaments, such as the spring ligament. Intuitive extrapolation of 
the work of Smith (1954) may be considered in the case of the talar head supporting features 
of the spring ligament. Smith (1954) demonstrated the engineering principle of Hooke’s law 
of elasticity [strain = C * stress, in which C is the modulus of elasticity] to hold true with 
ligamentous properties. The anterior cruciate ligament of rabbits suffered the effects of elastic 
deformation and failed when placed under tension for prolonged periods (see Figure 1.3). 
 
Figure 1-3 Calcaneonavicular (Spring) ligament 
Originating at the sustentaculum tali of the calcaneus and inserting into the navicular (blue arrows), the 
calcaneonavicular ligament resists weight-bearing force transmitted through the talar head (red arrow). 
Windlass mechanism 
The pathomechanical implication of joint restrictions on foot motion from influences such as 
footwear, as described by Wolf, Simon et al. (2008) and Wegener et al. (2015), may have 
important implications for the energy absorbing and generating mechanisms of foot 
Calcaneonavicular 
ligament 
Direction of weight 
bearing force 
through talar head  
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architecture. A windlass effect of the plantar aponeurosis, as first described by Hicks (1954), 
occurs due to its anatomical alignment. Originating predominantly from the medial aspect of 
the plantar calcaneal tubercle, it extends distally at the base of the foot superior to the 
musculature and plantar to the metatarsal phalangeal joints before inserting into the proximal 
phalanges. Metatarsal phalangeal joint extension tensions the aponeurosis as it winds around 
the circumference of the joints, resulting in arch raising and rear foot inversion. This windlass 
mechanism (see Figure 1–4) is hypothesised to be the body’s natural mechanism for returning 
stored energy during the propulsive phase of gait movement. 
Caravaggi et al. (2009) described an equally important role for the plantar aponeurosis during 
the contact phase of gait. This occurs with toe extension, which pre-tensions the plantar 
aponeurosis in preparation for weight acceptance, thereby preparing structures within the foot 
to absorb the forces of bipedal gait in an efficient and non-traumatic way. This is described as 
‘plantar aponeurosis pre-load’. 
 
Figure 1-4 The windlass mechanism 
MTP joint extension during propulsion, following heel lift, tensions the aponeurosis, which winds around 
the circumference of the MTP joint, plantarflexing the midfoot with arch rising. Image reproduced from 
Hicks (1954). 
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1.5.4 Pathological foot development 
Pes planovalgus (flat feet) 
These ligamentous properties may have considerable importance in the example of the spring 
ligament (see Figure 1-5). This ligament has the additional function of supporting the talar head 
with a fibrocartilage covering, creating an articular surface for the talar head (Taniguchi et al. 
2003). Poor alignment of the talonavicular joint, as observed in flat feet, may lead to prolonged 
overstretching of this ligament, producing laxity. If maintained, plastic deformation may occur, 
with secondary instability resulting in the unsupported talus, plantarflexing, everting and 
adducting with pronation (Root, Orien & Weed 1977). This pronation leads to anterior talar 
shift, in which the talar head adducts and plantar flexes, as observed in children and adults (see 
Figures 1-5 and 1-6). 
 
 
Figure 1-5 Bilateral pes planus, seven-year-old child 
This child presented to the clinic suffering a history of bilateral knee pain and ‘growing pains’. Note the 
prominence of the plantarflexed talar head and adducted navicular (blue arrow) with corresponding 
dorsiflexed valgus midfoot alignment, as indicated by non-weight-bearing lesser toes. 
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Figure 1-6 Bilateral chronic adult pes planus secondary to midfoot collapse 
This 66-year-old female presented to the clinic suffering bilateral posterior tibial tendon dysfunction and 
possible calcaneonavicular (spring) ligament elastic deformation. Note the adducted and plantar flexed talar 
head making ground contact (blue arrow). 
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Metatarsus adductus 
The immature foot is susceptible to developing a pathological structure if its development is 
impeded by internal or external influences. Neonates are born with their feet in an inwardly 
curved position, in which the midfoot joint is adducted, inverted and dorsiflexed relative to the 
rear foot. This midfoot position, known as metatarsus adductus, as observed in Figures 1-7 and 
1-8, is sometimes referred to as ‘banana feet’. This intrauterine ‘bent’ midfoot joint position is 
expected to naturally resolve, with straighter alignment attained by age four. However, due to 
the bony and soft tissue adaptations that present in one to two-year-old infants, interventions 
are far less successful if they are not initiated before the age of two years (Bleck 1983; 
Valmassey 1996). 
 
 
 
Figure 1-7 Bleck’s (1983) classification of metatarsus adductus 
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Figure 1-8 Metatarsus adductus typical of a newborn infant (severe Bleck’s angle) 
 
Early detection and treatment is crucial, as unresolved metatarsus adductus results in 
malalignment of the forefoot and rear foot and, ultimately, abnormal foot posture, as observed 
in a four-year-old child (see Figure 1-9). This deformity will result in abnormal forces being 
applied to the immature skeleton during the growth phases (O’Connell et al. 1998) and has 
been associated with first metatarsal phalangeal joint pathology and early bunion formation 
(Valmassey 1996), and midfoot osteoarthritis in mature adults, as observed in Figure 1-10 
(personal clinical observation). 
As 14 per cent of children may not grow out of this condition (Bleck 1983), early appreciation 
of moderate-to-severe metatarsus adductus may assist in identifying children at risk of not self-
correcting. 
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Figure 1-9 Metatarsus adductus pathological presentation of a four-year-old 
Pathological metatarsus adductus of a four-year-old (severe Bleck’s angle). This otherwise healthy child 
presented to the clinic due to parental concern of an inability to kick balls and their observation of his poor 
running technique. 
Figure 1-10 Metatarsus adductus chronic pathological presentation (severe Bleck’s angle) 
This obese 56-year-old male presented to the clinic reporting a history of activity avoidance and debilitating 
midfoot osteoarthritis. 
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1.6 Foot posture measurement 
Various in-field assessment methods have been proposed to describe and group foot postures 
for therapeutic consideration. Morley (1957) was the first author to report the relationship 
between arch development and age (Staheli et al. 1987). Morley (1957) used a novel footprint 
arch-measuring technique, which considered the portion of arch not in contact with the ground 
as a fraction of the overall midfoot width. This work was supported by Staheli et al. (1987), 
who used a novel approach termed the Staheli Index (SI) and demonstrated that the arch 
develops during the first six to eight years. The index considers a broad range ‘normal’. The 
widely adopted text of Root et al. (1977) utilised a taxonomy approach (Lee 2001) to group 
foot types. Their approach had the advantage of distinguishing three foot types: ‘supinated’, 
‘pronated’ and ‘normal’. With these classifications, an injury risk profile was assigned, thereby 
assisting clinicians to diagnose, rehabilitate and possibly prevent abnormal foot postures. 
The clinical diagnosis of foot disorders is linked to abnormal foot posture, with postural 
differences related to muscular imbalance, articular misalignment and compensatory foot 
motions, such as pronation and gait compensations (Franco 1987). Prominent orthopaedic 
surgeon, Dr Becker (1956), stated that ‘to concern ourselves with only the symptoms is 
unscientific, any valid realistic theory of orthopaedic diagnosis must deal with the causative 
factors’. He urged for foot conditions to be isolated and their symptomatic aetiology 
considered. 
According to Lee’s (2001) assessment of the theories of Root et al. (1977), variations in foot 
morphology should be classified and named to reduce the unpredictability of treatment 
outcomes. Alternatives to the popularly adopted methods proposed by Root et al. (1977) 
include footprint measures or pedograph analysis (Figure 1-11), such as the Chipaux-Smirak 
index (CSI) (Forriol & Pascual 1990), the alpha angle (AA) (Clarke 1933), the SI (Staheli et 
al. 1987) and the Arch index (AI) (Cavanagh & Rodgers 1987). 
Onodera et al. (2008) compared these methods and reported that the CSI was preferable when 
assessing children’s feet, due to its sensitivity to the lower arches of children’s feet. While these 
footprint approaches demonstrate good repeatability (Nikolaidou & Boudolos 2006) and inter 
and intra-observer reliability (Queen et al. 2007), they lack complex three-dimensional 
descriptions of foot posture variants, which are necessary for assessing morphological 
predisposition to pathology. 
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a. CSI = b/a, in which a = the maximum
width of the metatarsal print and b = the 
minimum width of the medial longitudinal arch 
area, b being parallel to a. 
b. AA, in which α is the angle between the
medial borderline of the footprint and the line 
connecting the most medial point of the 
metatarsal region and the apex of the concavity 
of the MLA (modified from Forriol and Pascual 
1990). 
c. The SI. SI = b / c, in which b = the
minimal width of the MLA’s area and c = the 
maximal width of the heel print. b and c are 
parallel. 
d. Graphic illustration of footprint length
division into three equal areas for the 
calculation of AI (L/3). AI = (M / (F + M + R)), 
in which AI = arch index, F = forefoot area, M = 
midfoot area and R = rear foot area. 
Figure 1-11 Quantifying foot posture, pedographic approach 
a. CSI; b. AA; c. SI and d. AI.
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1.6.1 Foot posture index 
Recognising the lack of three dimensionally relevant descriptive techniques for the complex 
presentation of foot postures, momentum originated from organisations such as the Research 
Council of the American Orthopaedic Foot and Ankle Society (Saltzman et al. 1997), the Foot 
and Ankle Special Interest Group formed by the American Physical Therapy Association 
(McClay 2001), and other interested scientists (Keenan 1997; Kitaoka, Luo & An 1997). They 
developed an easily applied, clinically relevant approach to describing foot posture. 
Recommended parameters for this novel approach included reliability, ease of implementation, 
quantitative scoring related to the complexity of foot function, minimal subjectivity and easy 
field-implementation without sophisticated equipment for measuring (Redmond, Crosbie & 
Ouvrier 2006). As foot posture measures taken during weight-bearing are more representative 
of dynamic foot function than non-weight-bearing measures (McClay 2001), the assessment 
was devised to take place during quiet, double-limb-supported standing. The resulting tool, the 
Foot Posture Index (FPI) (see Appendix 1), considers the rear foot sagittal, frontal and 
transverse plane positions, as well as midfoot sagittal and transverse plane foot positions (see 
Table 1-2). 
A five-point Likert-type scale was chosen to achieve the timely quantitative scoring and data 
collection necessary for the field measurements (Likert 1952). The five-point scale was 
anchored to the zero position considered ‘neutral’ or ‘normal’, where postural change was 
determined and scored on either side of the zero position. Pronated positions were given 
positive scores of +1 or +2 and supinated positions were given negative scores of –1 or –2, 
depending on specified criteria (see Appendix 1). The final assessment FPI tool combined the 
aggregate score of the six items, each of which were given a single score of –2, –1, 0, +1 or +2, 
with the aggregate score ranging from –12 (highly supinated) to +12 (highly pronated). 
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Table 1-2 The six-foot FPI tests and their relationships to joint and plane 
Segment Plane Test 
Rear foot Transverse Talar head palpation 
Frontal/transverse Curvature at the lateral 
malleoli 
Frontal Inversion/eversion of 
the calcaneus 
Forefoot Transverse Talonavicular bulging 
Sagittal Congruence of the 
medial longitudinal 
arch 
Transverse Abduction/adduction 
of the forefoot on the 
rearfoot 
The FPI scores were transformed into interval logit scores, as per the Rasch model and are 
displayed in Table 1-3 and Figure 1-12. Normal ranges were defined for 619 healthy 
individuals ranging in age from 3–96 years. From this data, a slightly pronated foot posture 
was determined to be healthy and normal when the aggregate score lay between +1 and +6. 
Children’s foot posture was observed to mature from the highly pronated +12-foot posture of 
the infantile foot to the healthy normal range by the age of eight years. Scores either side of the 
healthy/normal range indicated potentially abnormal (pronated or supinated) and truly 
abnormal (highly pronated or highly supinated) ranges (Redmond, Crane & Menz 2008). 
Table 1-3 FPI scores and their relationship to healthy/normal foot postures 
Truly 
pathological 
Potentially 
abnormal 
Normal range 
Potentially 
abnormal 
Truly 
pathological 
Highly 
supinated 
Supinated Healthy Pronated 
Highly 
pronated 
< –2 SD –2 SD –1 SD Mean +1 SD +2 SD > +2 SD
FPI raw 
score 
< –6 –3 +1 +4 +6 +10 > +10
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The FPI instrument has been subjected to thorough validation following inception. It has 
proven to be adequately reliable in various clinical settings for assessing adults, with intra-class 
correlation coefficients of 0.62–0.91 (Evans et al. 2003; Noakes & Payne 2003; Payne, Oates 
& Noakes 2003; Yates & White 2004). In children and teenagers aged 5–16 years, inter-rater 
reliability was high (Kw = 0.88) (Morrison & Ferrari 2009). More recently, in children aged 
7–15 years, the FPI was found to have good intra-rater reliability, using the Portney and 
Watkins criteria (Portney 2000), in which intra-class correlation coefficients were between 0.93 
and 0.94 (Evans, Rome & Peet 2012). The finalised FPI instrument was shown to predict 64 
per cent of the variance in stationary standing foot posture and 41 per cent of the dynamic foot 
posture during the mid-stance phase of gait while walking (Redmond et al. 2006). 
Pathology predictor 
The FPI is a valid, reliable, easily-implemented, clinically relevant descriptive foot posture tool 
that can distinguish at-risk groups. It can distinguish biomechanical risk factors, which may 
enable prevention and early intervention of musculoskeletal conditions. 
The FPI is sensitive for distinguishing musculoskeletal pathologies: 
 Naval recruits with pronated foot postures (FPI ≥ +6) were significantly (P = 0.002)
more likely to develop medial tibial stress syndrome than recruits with normal (+1 to
+5) or supinated (0 to –16) foot postures were, with a risk ratio of 1.70 (Yates & White
2004). 
 Adult participants with highly supinated foot postures reported a greater incidence of
foot pain (60%) than participants with normal foot postures did (23%, FPI +1 to +6; P
= 0.009). Pressure–time integrals under the entire foot, rear foot and forefoot were
higher than in normal feet (P < 0.01). Pressure–time integrals in subjects reporting foot
pain were higher than in pain-free subjects (P < 0.001). There was a significant
correlation between the pressure–time integral and foot pain (r = 0.49, P < 0.001).
 Triathletes with highly supinated foot postures (FPI ≤ -7) had a significantly greater
likelihood of overuse injuries during the competition season. The risk of injury
occurring in this foot type was 4.3 times greater (P = 0.013) than those without.
 Adults with chronic plantar heel pain were more likely to have a pronated (FPI ≥ +7)
foot posture (OR = 3.7, 95%, CI = 1.6–8.7, P  < 0.01) than those without.
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Function predictor 
Foot motions of healthy adults aged 18–47 years can be predicted during normal walking using 
the static FPI. In the case of pronated and highly pronated participants (FPI ≥ +7), reduced 
midfoot frontal plane range of motion was observed in the late stance. In supinated and highly 
supinated participants, less midfoot motion was observed during initial contact and mid-stance 
and altered frontal and transverse plane motions were observed, compared to control 
participants with normal FPIs (Buldt et al. 2015). 
Adults ranging from 18–71 years of age displayed a greater lateral centre-of-pressure 
excursion, correlating with greater supinated foot posture and, conversely, a more pronated 
foot posture and a smaller area of lateral centre-of-pressure excursion. In addition, the 
supinated foot type had a larger centre-of-pressure total excursion area, while the pronated foot 
type had a smaller centre-of-pressure total excursion area. 
1.7 Measurement of foot motion 
The science of kinematics and kinetics enables scientists to describe joint motions and interpret 
the effect these motions have on neighbouring structures of ligaments, muscles, tendons fascia 
and skin. By first collecting and describing the dynamics of healthy motion, scientists can 
compare the healthy state of a joint’s moon with that of an individual who is suspected of 
having a pathology or assess the results of interventions, such as footwear. With the collection 
of well-defined cohorts, generalisable, predictive models describing the effect of a pathology 
or an intervention can be determined. Clinicians are able to use these findings to design 
evidence-based interventions with predictive outcomes. 
Stereophotogrammetry is the gold standard approach for the measurement of dynamic motion. 
It is appropriate for the analysis of children’s foot and lower limb motions as well as the effect 
footwear may have on a child’s motion, due to its safe and non-invasive nature. It is well 
established that human movement analysis can be conducted with two or more images to 
determine the coordinates of a specific anatomical marker in time (Andriacchi & Alexander 
2000). This motion analysis requires adjoining body ‘segments’ to be defined. It is typical for 
a joint’s motion to be described by the motion of the distal segment relative to the proximal 
segment. Segments may be defined as a single bone, such as the femur or a grouping of bones, 
for ease of data collection and interpretation, such as the pelvis (ilium, ischium, pubis, sacrum 
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and coccyx). This approach enables three-dimensional analysis of relative movement between 
adjacent segments and is known as joint kinematics. Angular displacement does not yield the 
information necessary to determine internal stress of structures and associated pathology (Nigg 
& Bobbert 1990; Scott & Winter 1990; Winter & Bishop 1992). Combining this approach with 
synchronised ground reaction force, known segment length and acceleration, allows the 
mathematical deduction (Cappozzo et al. 2005) of joint kinetics. Further, it provides an insight 
into the force-generating and absorbing properties of a joint’s adjoining structures, including 
muscle, tendon ligament, fascia and skin. Joint movements provide insight into muscle forces 
and, when considered alongside angular velocity, assist scientists to determine whether muscle 
activity is concentric or eccentric. In addition, the power generation or absorption of the system 
can be determined from these measures and can provide the clinician with insight into 
performance and pathomechanics.  
Limitations of this technique include the inability to determine the contributions of force 
generated across a given joint by the adjoining structures previously mentioned. A further 
limitation to this method is the inferences made for calculating a joint’s overall force 
contribution during a motion. For example, in the case of calculating the midfoot joint kinetics, 
during the stance phase of gait, its force contribution is only calculable following heel rise, as 
a single-force plate is unable to resolve the distribution of forces under the hallux, forefoot 
and rear foot (Smith & McConnell 2007). In addition, the contribution of the hallux is 
disregarded due to its minimal contribution during the propulsive phase, as reported by 
Grundy et al. (1975). 
1.7.1 History of midfoot joint analysis 
Prior to 1990, much of the reported dynamic lower limb motion was restricted to describing 
the foot as a single rigid body (Kadaba, Ramakrishnan & Wootten 1990; Kadaba et al. 1989; 
Lundberg 1989; Õunpuu et al. 1991) and was among the most poorly modelled aspects of the 
lower limb and its environmental interactions (Scott & Winter 1991). Alexander and Campbell 
(1990) reported the first three-segment foot model, tracking motions between four rigid 
segments: the tibia, calcaneus, forefoot and hallux, during the stance phase. 
Steven Kidder accelerated the understanding of this complex relationship of pedal 
biomechanics when he applied Euler angles and biomechanical principles (Kidder et al. 1993; 
Kidder et al. 1996). Working with Abuzzahab et al. (1993), Kidder validated a system for 
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dynamic analysis, furthering Alexander and Campbell’s (1990) methodology and improving 
their three-segment foot model (see Figure 1-13). 
Kidder et al. (1996) reported motion during the stance and swing phases of gait. Using a five-
camera, video-based motion analysis system (Vicon, Oxford Metrics, Oxford, England), foot 
and ankle data were recorded at 60 Hz in a single, healthy, 25-year-old participant. Twelve 
15.9 mm diameter markers were applied to the body, three markers per segment, to define the 
four segments, as observed in Figure 1-13: 1) tibia and fibula; 2) calcaneus, talus and navicular; 
3) cuneiforms, cuboid and metatarsals; and 4) proximal phalanx of the hallux. A triad marker
was constructed for the hallux, allowing for marker separation. Marker distance separation 
error was calculated as less than 0.5 mm.  
a. 
b. 
Figure 1-13 Kidder et al.’s (1996) three-segment foot model 
Segments are numbered: hind foot (2), forefoot (3), hallux (4). b. Twelve reflective marker positions. Image 
reproduced from Kidder et al. (1996). 
Using this method, Kidder et al. (1996) reported the midfoot’s total range of motion to be 10° 
in the sagittal plane, in which the centroid of the midfoot joint axis was located at the base of 
the fifth metatarsal (marker M7 in Figure 1-13). 
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1.7.2 Sydney foot model 
In 1996, Moseley et al. (1996) applied clinical terminology to three-dimensional rear foot 
movement. The popular rear foot, relative to shank biomechanical terminology of 
pronation/supination, was replaced with anterior/posterior movement, which is described as 
plantarflexion/dorsiflexion in the sagittal plane. The medial and lateral tilt of the rear foot was 
described as inversion/eversion in the frontal plane and medial/lateral rotation of the rear foot 
was described as abduction/adduction in the transverse plane. With this descriptive 
methodology, they adapted the previous approaches of applying a joint coordinate system 
(Areblad et al. 1990; Delozier, Alexander & Narayanaswamy 1991; Kepple et al. 1990; Soutas-
Little et al. 1987) to determine a segment relative displacement from a standardised reference 
position. This referencing position involved the seated participant aligning their right foot with 
the laboratory’s coordinate system (Moseley et al. 1996). In 1999, Rattanaprasert et al. (1999) 
changed Moseley’s standardised ‘sitting’ reference position to ‘standing’. They progressed the 
science of dynamic multi-segment foot motion analysis to clinical populations with the 
inclusion of midfoot and forefoot analysis. This three-segment foot model comprised six 
degrees of freedom for the ankle and midfoot joints. The first metatarsophalangeal joints 
comprised two degrees of freedom. Rattanaprasert et al. (1999) implemented a novel approach. 
They described the coordinate systems used for distal-to-proximal bodies, in which the relative 
angular displacements between the leg and rear foot and between the rear foot and forefoot 
were referenced from a zero position. Reflective markers (12 mm diameter) were used to define 
the segments, as observed in Figure 1-15. Three markers were used to define each segment. 
The rear foot segment was defined by markers located on the superior and inferior bisection 
line of the posterior calcaneus, with the third marker located at the lateral aspect of the 
calcaneus. The midfoot joints coordinate system was located at the fifth metatarsal head 
marker. The rear foot segment was defined by three markers on the calcaneus. The forefoot 
segment was defined by markers located at the base of the fifth metatarsal, with markers at the 
head of the fifth and first metatarsals and a single marker on the head of the hallux. 
Rattanaprasert et al. (1999) compared the normalised time series of a healthy individual 
suffering asymmetrical tibialis posterior tendon dysfunction (see Figure 1-14) with 10 healthy 
participants. Once markers were applied, this standing reference position required the 
participant to stand facing straight ahead with their right foot on the force platform and the 
bisection line of the middle of the heel to second metatarsal aligned with the X-axis of the 
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laboratory’s coordinate system. Rattanaprasert et al. (1999) replaced qualitative and subjective 
visual observations of this condition with quantifiable differences of midfoot dysfunction and 
joint kinematics for ankle midfoot and first metatarsal phalangeal joints. The time series of 
healthy participants were interpreted alongside the pathological foot for improved clinical 
understanding (Rattanaprasert et al. 1999).  
a. b. 
Figure 1-14 Posterior tibial tendon dysfunction 
72-year-old female presented to the clinic with bilateral posterior tibial tendon dysfunction: a. medial weight-
bearing projection radiograph of the right foot demonstrating rearfoot plantarflexion and midfoot 
dorsiflexion with advanced osteoarthritic change at the midfoot joints; b. posterior view exhibiting bilateral 
stage II posterior tibial tendon dysfunction (Alvarez et al. 2006, Sammarco & Hockenbury 2001). 
Data capture was achieved using four red light video cameras (NEC Ti23ATM, NEC 
Corporation, Tokyo, Japan) with 8 mm lenses and a frame rate of 60 Hz. The cameras were 
arranged in an arc to ensure a minimum of two cameras were able to simultaneously record 
marker placement. The cameras were connected to an Expert Vision Advanced Motion 
Analysis System™ (Santa Rosa, US) to record three-dimensional movements of the segments. 
A synchronised force platform (Kistler Model no. 9281B, Winterthur, Switzerland) collecting 
data at 60 Hz was used to record force variables from the frame of the first contact until toe-
off. A calibrated model segment pair revealed that errors in the measurement of relative angles 
were less than one degree. 
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Figure 1-15 Sydney foot model 1999 
First evolution of the three-segment Sydney foot model, displaying marker locations of the right foot and 
shank. Adapted from Rattanaprasert et al. (1999) with permission. 
Smith, Rattanaprasert and O’Dwyer (2001) adapted the standing reference position, (Figure 1-
15) as weight-bearing measures are a closer representation of dynamic foot function than non-
weight-bearing measures (McClay 2001). The participant stood facing the direction in which 
they would walk with their right foot placed on the mid-line of the calcaneus and second 
metatarsal head aligned parallel to the X-axis of the laboratory. This position was also used to 
embed the three-dimensional axis systems of each segment with their axes aligned parallel to 
the laboratory coordinate systems (see Figure 1-16) (Smith et al. 2001). 
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Figure 1-16 Sydney foot model 2001 
Axis coordinate systems for shank and rearfoot. Adapted from Smith et al. (2001) with permission. 
In 2001, Abu-Faraj, Harris and Smith (2001) highlighted the inadequacy of using single-
segment foot models for clinical decision-making, as has been done in the past. They selected 
12 children who had been diagnosed with cerebral palsy and pes planovalgus foot deformities 
(flat feet) and recorded foot kinematics pre- and post-triple arthrodesis procedure. Using a 
Vicon VX motion analysis system (Oxford Metrics Ltd, Oxford, UK) with five cameras, they 
determined the single-segment foot model used was insufficient to describe the complex 
motions of the sub-talar, midfoot and forefoot joints independently of the ankle joint, in which 
the axis was aligned with the lateral malleolar. 
In 2002, Wu et al. (2002) published the International Society of Biomechanics (ISB) 
standardisation and terminology’s recommended standards for reporting joint kinematics (see 
Figure 1-17). This followed the method proposed by Grood and Suntay (1983), which had the 
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advantage of reporting joint motions using clinically relevant joint coordinate system terms for 
the knee. Of particular interest was the use of resting, weight-bearing joint alignment, which 
was used as the reference position of the talocrural joint (ankle). For example, the reference 
ankle sagittal plane was defined as zero when the long axis of the shank was perpendicular to 
the plantar aspect of the foot, then projected onto the sagittal plan of the tibia/fibula for 
reporting dorsiflexion/plantarflexion. The frontal plane reference zero position was determined 
when the long axis of the shank and the line perpendicular to the plantar aspect foot was 
projected onto the frontal plane of the tibia/fibula for reporting inversion/eversion. The 
transverse plane reference zero position was generated from a line perpendicular to the frontal 
plane long axis of the shank and the second metatarsal and was projected onto the transverse 
plane of the tibia/fibula. While other recommendations were made for reporting hip and spine 
motions, further development of a foot segment coordinate system was left for future 
committees.  
Figure 1-17 The ISB proposed ankle joint coordinate systems 
Figure reproduced from Wu et al. (2002). 
The three-segment foot model by Rattanaprasert et al. (1999) used the fifth metatarsal head 
prominence as the defining centre for the midfoot joints coordinate system. This three-segment 
model was redefined with a shift of the midfoot joint’s defining marker location to the navicular 
prominence (O’Meara et al. 2007a; O’Meara et al. 2007b; Smith & McConnell 2007), as 
observed in Figure 1-17. This was conducted following the fluoroscopic study by Wrbaskic 
and Dowling (2007), which identified the navicular prominence as a preferable location for the 
midfoot’s defining marker, due to reduced skin movement, regarded as artefact. Fluoroscopic 
imaging has been useful in reporting the position of internal structures during dynamic motions 
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in real time (De Clercq, Aerts & Kunnen 1994), reducing the ambiguity resulting from skin 
artefact (Leardini, Sawacha et al. 2005). 
These functional foot units have been validated by the three-dimensional in vivo bone pin 
analysis by Wolf, Stacoff et al. (2008). They determined that the navicular, first cuneiform and 
first metatarsal bones behave as a single functional unit, while the first and fifth metatarsals 
move independently. Therefore, the forefoot can be defined by the navicular, first metatarsal 
and fifth metatarsal markers with the midfoot joints articulation occurring at the talonavicular 
joint.  
In summary, the Sydney foot model was first published in its current form in 2007 (O’Meara 
et al. 2007a; O’Meara et al. 2007b). It was considered preferable to the Oxford foot model, 
which was first published in 2006 (Stebbins et al. 2006) as the novel inclusion of a detachable 
rearfoot wand and stirrup enabled reporting of in-shoe foot motions and included a more 
clinically relevant midfoot joint axis centroid corresponding with the navicular (Wrbaskic & 
Dowling 2007). Since then, the model has appeared in a number of peer-reviewed publications 
(Chard et al. 2011; Chard et al. 2012; Chard et al. 2013; Chard, Greene & Smith 2015; 
Ferdinands et al. 2014; Greene et al. 2009; Greene et al. 2014; O’Meara et al. 2007a; O’Meara 
et al. 2007b; Smith et al. 2012; Smith et al. 2013; Smith & McConnell 2007; Vanwanseele et 
al. 2014; Wegener et al. 2009; Wegener 2013; Wegener et al. 2013). 
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Figure 1-18 Sydney foot model 2007 
Three-segment foot model functional units of rearfoot (green), midfoot (blue) and hallux (yellow) are 
presented. The navicular marker (blue) and corresponding midfoot joint coordinate system (JCS) are shown 
together with the laboratory’s coordinate system (LCS). 
Measuring children’s foot motion 
Repeatable capture of children’s foot motion is more variable than that of adults due to the 
greater variability of their gait and the smaller surface area of their feet (Stebbins et al. 2006). 
In the context of midfoot joint analysis, several candidates report good repeatability among 
children (Leardini, Sawacha et al. 2007; Stebbins et al. 2006) and adults (Carson et al. 2001, 
Hunt, Smith et al. 2001). According to Leardini, Sawacha et al. (2007) and Stebbins et al. 
(2006) midfoot motions in the transverse plane were most variable while Hunt, Smith et al. 
(2001) and Rattanaprasert et al. (1999) reported motions in the frontal plan to be most 
variable. Deschamps et al. (2011) published a systematic review of multi-segment foot 
models and concluded that the stereo-photogrammetric approach to midfoot motion analysis 
has good repeatability.
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1.7.3 In-shoe analysis 
Clinical examination of footwear is necessary to determine their beneficial or deleterious 
effects. To facilitate the ease of repeating marker placement, O’Meara et al. (2007a) developed 
the rearfoot wand observed in Figure’s 1-19 and 1-20 to facilitate marker placement and 
repeatability between footwear conditions. To achieve this, O’Meara et al. (2007a) 
implemented a rearfoot wand triad. The wand consisted of three markers mounted onto a rigid 
shaft attached to the calcaneus via a flexible brass stirrup. The stirrup provided a large contact 
area around the calcaneus and was secured using double-sided adhesive tape and strapping 
tape. The detachable wand triad marker stirrup was fixed to the posterior calcaneus, enabling 
the calcaneous function to be assessed when shod and barefoot. The change enables rearfoot 
motion comparisons, unlike skin-mounted calcaneous markers, such as those described for the 
Oxford foot model (Bishop Paul & Thewlis 2013; Carson et al. 2001), in which calcaneal 
markers are positioned on the external heel counter of the shoe. When testing footwear, the 
stalk of the removable wand triad passed through a 16 mm diameter window located in the 
posterior shoe heel counter, as observed in Figure 1-20. Larger windows created in the shoes 
upper, between 17 mm and 25 mm, have been demonstrated to not adversely affect the integrity 
of an adults’ shoe (Shultz & Jenkyn 2012).  
Figure 1-19 Sydney foot model marker locations 
Chapter 1: Background to the thesis  
43 
 
Figure 1-20 The removable rearfoot wand triad 
Supportive shoe and window enabling easy removal and replacement of the rearfoot wand triad between 
footwear conditions. 
1.8 Clinical opinion 
Clinicians have strong opinions on the detrimental effects thongs have on children’s foot 
motion, despite the absence of evidence to support these statements. The following is a quote 
from a prominent US professor of podiatric medicine: 
Flip-flops are fine for crossing the beach, but you should never make them your go-
to summer shoes. Those rubber flip-flops you picked up for cheap are fine for the 
beach, but you won’t want to wear them all day. They have virtually no arch support, 
which means your feet will start to turn toward the middle of your body instead of 
staying straight. When that happens, you’re more likely to sprain your ankle. They 
won’t trip over anything, but because they don’t have support, they twist their ankle 
in or out. 
This anecdotal approach to advice was highlighted by a prominent Australian podiatrist, who 
stated that thongs ‘are going to do us a lot of harm, it’s really not going to help us a great deal 
and eventually were going to get really sore feet’. 
Despite the scant evidence available at the time this research began, US clinicians reportedly 
described toe-clawing as necessary to maintain a thong and have linked thongs to growth in 
adolescent heel pain (Matusek 2007), in-toeing and heightened risk of ankle sprain (Laliberte 
2017). 
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The pathological concerns of thong wear are not isolated to US and Australian clinicians. 
European clinicians have been cited as linking thong wear to shin-splints (Borland 2010), 
despite a lack of empirical evidence. 
1.9 Thesis aims 
This thesis aims to bridge the existing gap in clinical opinion on the deleterious effects 
unsupportive thong-style footwear may have on children’s foot dynamics, using a quantified 
synthesis of their effect on barefoot motions, in contrast to the existing popular promotion of 
supportive shoes. 
1.10 Thesis objectives 
To achieve the aims of the thesis, the following objectives were developed: 
 Synthesise the current support for children to ambulate with unrestricted barefoot gait 
with the discussion that footwear may impede barefoot motions. 
 Describe the methodology required to evaluate unsupportive and supportive footwear 
designs on children’s feet and lower limb motions during daily activities. 
 Quantify the effect of unsupportive thong-style footwear on children’s foot motions 
during walking and jogging. 
 Quantify the effect of unsupportive thong-style footwear and supportive shoes on 
children’s lower limb and foot motions during directional change. 
 Quantify and evaluate the effect unsupportive thong-style footwear and supportive shoe 
have on children’s barefoot kinetics during walking. 
 Evaluate the clinical implications of children wearing unsupportive thong-style 
footwear to assist future evidence-based clinical recommendation. 
1.11 Thesis outline 
To achieve the objectives of this thesis, three studies were undertaken and are presented in six 
chapters. The objectives of these chapters are as follows. 
Chapter 1 introduces the reader to the evidence and concept that ‘barefoot is best’. A brief 
history of footwear and its implications for the developing feet of children and the maturation 
of gait is provided. Within this background are considerations of unhealthy foot development, 
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measurement of foot posture and the pathological influences of footwear. This chapter 
concludes with a chronology of the development of the Sydney foot model. 
Chapter 2 details the methodology for determining the effect of footwear on children’s multi-
segment foot motion. The recruitment processes, instrumentation, model segments and JCSs, 
experimental procedure, data processing and analysis are outlined.  
Chapter 3 provides quantitative evidence to begin the discussion of the benefits and 
disadvantages of children wearing thongs. This paper compares the kinematic effects of 
wearing thongs on children’s feet with a barefoot control condition during walking and 
jogging. We hypothesised that, compared to when barefoot, wearing thongs would see 
reduced hallux motion, greater midfoot dorsiflexion and ankle eversion. 
Chapter 4 examines the effect of wearing thong-style flip-flops and supportive shoes on healthy 
children’s hip, knee, ankle, midfoot and first metatarsal phalangeal joint kinematics during a 
sidestepping task, when compared to barefoot. We hypothesised that there would be fewer 
kinematic differences when wearing thongs than when wearing supportive shoes when 
compared to barefoot when preforming the sidestep.  
Chapter 5 reports the effect that wearing thongs and supportive shoes has on children’s 
midfoot peak power during the propulsive phase of walking compared to barefoot. We 
hypothesised that children’s midfoot peak power would be greatest when wearing 
thongs during the propulsive phase of walking. It would be reduced when wearing 
supportive shoes, compared to barefoot, with reduced ankle power production while 
wearing thongs and corresponding increased ankle power production when supportive shoes 
were worn. 
Chapter 6 summarises the results of Chapters 3, 4 and 5 and discusses the implications of 
these results in the case of healthy children. In addition, Chapter 6 outlines the direction for 
future research and conclusions of the thesis. 
1.12 Dissemination of results 
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Chapter 1: Background to the thesis 
46 
PUBLISHED ABSTRACTS 
Chard, A, Greene, A, Burns, J & Smith R 2015, ‘Effect of thong style flip flops on children 
sidestep kinematics’, Sports Biomechanics, under review. 
Chard, A, Greene, A, Burns, J & Smith R 2015, ‘Effect of thong style flip flops on children 
sidestep kinematics’, Paper presented at the International Society of Biomechanics in Sport, 
Poitiers, France. 
Chard, A, Greene, A, Hunt, A, Vanwanseele, B & Smith, R 2012, ‘Effect of thong style flip-
flops on children’s midfoot motion during gait’, Journal of Foot and Ankle Research, vol. 5, 
suppl. 1, O19. 
Smith, R, Wegener, C, Greene, A, Chard, A & Fong Yan, A 2012, ‘Biomechanics of footwear 
design’, Journal of Foot and Ankle Research, vol. 5, suppl. 1, I1. 
Chard, A, Smith, R, Hunt, A & Greene, A 2011, ‘Effect of thong style flip-flop footwear on 
children’s hallux sagittal-plane motion during gait’, Paper presented at the International 
Society of Biomechanics, Brussels, Belgium. 
CONFERENCE AND INDUSTRY PRESENTATIONS 
Chard, A et al. 2015, ‘Effect of thong style flip-flop and supportive shoes on children barefoot 
sidestep kinematics’, International Society of Biomechanics in Sport, Poitiers, France. 
Chard, A et al. 2012, ‘Effect of thong style flip-flops on children's midfoot motion during gait’, 
International Conference of Foot and Ankle Biomechanics, Sydney, Australia. 
Chard, A et al. 2011, ‘Effect of thong style flip-flops on children’s hallux motion during gait’, 
XXIII International Society of Biomechanics Congress XXIII, Brussels, Belgium. 
Chard, A et al. 2009, ‘Effect of thongs on children’s lower limb biomechanics’, Biannual 
University of Sydney Student Research Conference, Sydney, Australia. 
WORKSHOPS 
Wegener, C & Chard, A 2013, ‘Understanding gait research and applying it to clinical 
practice’, Australasian Podiatry Association. Practical 3D Gait Workshop , Sydney, Australia. 
. 
Chapter 1: Background to the thesis 
47 
Smith, R, Wegener, C, Greene, A, Chard, A & Fong Yan, A 2012, ‘Biomechanics of footwear 
design’, International Conference of Foot and Ankle Biomechanics, Sydney Australia. 
OTHER RESEARCH CONDUCTED DURING CANDIDATURE 
McKay, MJ, Baldwin, JN, Ferreira, P, Simic, M, Vanicek, N, Hiller, CE & Pourkazemi, F 
2015, ‘1000 Norms Project: Protocol of a cross-sectional study cataloguing human variation’, 
Physiotherapy, vol. 102, no. 1. 
BOOK CHAPTER CONTRIBUTION 
Title: Sport Science: Current and Future Trends for Performance Optimization 
Editors: Pedro Morouço, Hideki Takagi & Ricardo J. Fernandes 
Published by: ESECS/Instituto Politécnico de Leiria 
ISBN: 978-989-8797-19-3 
Chapter 1: Background to the thesis 
48 
1.13 References 
Abu-Faraj, Z, Harris, G & Smith, P 2001, ‘Surgical rehabilitation of the planovalgus foot in 
cerebral palsy’, IEEE Trans Neural Syst Rehabil Eng, vol. 9, pp. 202–14. 
Aiello, L & Dean, C 1990, An introduction to human evolutionary anatomy, Academic Press, 
Cambridge, Massachusetts, US. 
Al-Abdulwahab, SS & Al-Dosry, RD 2000, ‘Hallux valgus and preferred shoe types among 
young healthy Saudi Arabian females’, Annals of Saudi Medicine, vol. 20, pp. 319–21. 
Alexander, I & Campbell, K 1990, ‘Dynamic assessment of foot mechanics as an adjunct to 
orthotic prescription’, The Biomechanics of the Foot and Ankle, pp. 148–52. 
Altman, AR & Davis, IS 2012, ‘Barefoot running: Biomechanics and implications for running 
injuries’, Current Sports Medicine Reports, vol. 11, pp. 244–50. 
Alvarez, RG, Marini, A, Schmitt, C & Saltzman, CL 2006, ‘Stage I and II posterior tibial 
tendon dysfunction treated by a structured nonoperative management protocol: An 
orthosis and exercise program’, Foot and Ankle International, vol. 27, pp. 2–8. 
Andriacchi, TP & Alexander, EJ 2000, ‘Studies of human locomotion: Past, present and 
future’, Journal of Biomechanics, vol. 33, pp. 1217–24. 
Areblad, M, Nigg, BM, Ekstrand, J, Olsson, KO & Ekström, H 1990, ‘Three-dimensional 
measurement of rearfoot motion during running’, Journal of Biomechanics, vol. 23, pp. 
933–40. 
Ashizawa, K, Kumakura, C, Kusumoto, A & Narasaki, S 1997, ‘Relative foot size and shape 
to general body size in Javanese, Filipinas and Japanese with special reference to 
habitual footwear types’, Annals of Human Biology, vol. 24, pp. 117–29. 
Barry, R & Scranton, PE Jr. 1983, ‘Flat feet in children’, Clinical Orthopaedics & Related 
Research, vol. 8, no. 3, pp. 68–75. 
Becker, R 1956, ‘Foot orthopedics: A few philosophical observations and outline of 
procedure’, Chiropody Record, vol. 39, pp. 126–28. 
Chapter 1: Background to the thesis 
49 
Berger, KS 2003, The developing person through childhood and adolescence, Macmillan, 
Basingstoke, United Kingdom. 
Berger, W, Quintern, J & Dietz, V 1985, ‘Stance and gait perturbations in children: 
Developmental aspects of compensatory mechanisms’, Electroencephalography and 
Clinical Neurophysiology, vol. 61, pp. 385–95. 
Berger, W, Trippel, M, Assaiante, C, Zijlstra, W & Dietz, V 1995, ‘Developmental aspects of 
equilibrium control during stance: A kinematic and EMG study’, Gait & Posture, vol. 
3, pp. 149–55. 
Bishop, C, Paul, G & Thewlis, D 2013, ‘The reliability, accuracy and minimal detectable 
difference of a multi-segment kinematic model of the foot-shoe complex’, Gait & 
Posture, vol. 37, pp. 552–7. 
Bleck, EE 1983, ‘Metatarsus adductus: Classification and relationship to outcomes of 
treatment’, Journal of Pediatric Orthopaedics, vol. 3, pp. 2–9. 
Bly, L 1994, Motor skills acquisition in the first year: An illustrated guide to normal 
development, Psychological Corp, San Antonio, Texas. 
Borland, S 2010, ‘Flip-flops injure 200,000 a year, costing the NHS an astonishing 40m 
(pounds)’, Mail Online, 29 July, accessed 10/6/2011 
http://www.dailymail.co.uk/health/article-1298471/Flip-flops-injure-200-000-year-
costing-NHS-astonishing-40m.html. 
Borton, DC & Saxby, TS 1997, ‘Tear of the plantar calcaneonavicular (Spring) ligament 
causing flatfoot. A case report’, Journal of Bone & Joint Surgery—British Volume, vol. 
79, pp. 641–3. 
Bramble, DM & Lieberman, DE 2004, ‘Endurance running and the evolution of Homo’, 
Nature, vol. 432, pp. 345–352. 
Brauer, G 1988, Osteometrie in anthropologie, Fischer Verlag, Stuttgart. 
Bruening, DA, Cooney, KM & Buczek, FL 2012, ‘Analysis of a kinetic multi-segment foot 
model part II: Kinetics and clinical implications’, Gait & Posture, vol. 35, pp. 535–40. 
Chapter 1: Background to the thesis 
50 
Buldt, AK, Levinger, P, Murley, GS, Menz, HB, Nester, CJ & Landorf, KB 2015, ‘Foot posture 
is associated with kinematics of the foot during gait: A comparison of normal, planus 
and cavus feet’, Gait & Posture, vol. 42, pp. 42–8. 
Cameron, N, Tanner, JM & Whitehouse, RH 1982, ‘A longitudinal analysis of the growth of 
limb segments in adolescence’, Annals of Human Biology, vol. 9, pp. 211–20. 
Cappozzo, A, Della Croce, U, Leardini, A & Chiari, L 2005, ‘Human movement analysis using 
stereophotogrammetry: Part 1: Theoretical background’, Gait & Posture, vol. 21, pp. 
186–96. 
Capute, AJ 1986, ‘Early neuromotor reflexes in infancy’, Pediatric Annals, vol. 15, pp. 217–
26. 
Caravaggi, P, Pataky, T, Goulermas, JY, Savage, R & Crompton, R 2009, ‘A dynamic model 
of the windlass mechanism of the foot: Evidence for early stance phase preloading of 
the plantar aponeurosis’, Journal of Experimental Biology, vol. 212, pp. 2491–99. 
Carl TJ & Barrett SL 2008, ‘Computerized analysis of plantar pressure variation in flip-flops, 
athletic shoes, and bare feet’, Journal of the American Podiatric Medical Association, 
vol. 98, pp. 374–78. 
Carson, MC, Harrington, ME, Thompson, N, O’Connor, JJ & Theologis, TN 2001, ‘Kinematic 
analysis of a multi-segment foot model for research and clinical applications: A 
repeatability analysis’, Journal of Biomechanics, vol. 34, pp. 1299–307. 
Cavagna, GA, Franzetti, P & Fuchimoto, T 1983, ‘The mechanics of walking in children’, 
Journal of Physiology, vol. 343, pp. 323–39. 
Cavanagh, PR 1980, The running shoe book, Anderson World, London, UK. 
Cavanagh, PR & Rodgers, MM 1987, ‘The arch index: A useful measure from footprints’, 
Journal of Biomechanics, vol. 20, pp. 547–51. 
Chard, A, Greene, A, Hunt, A, Vanwanseele, B & Smith, R 2012, ‘Effect of thong style flip-
flops on children’s midfoot motion during gait’, Journal of Foot and Ankle Research, 
vol. 5, p. 19. 
Chapter 1: Background to the thesis 
51 
Chard, A, Greene, A, Hunt, A, Vanwanseele, B & Smith, R 2013, ‘Effect of thong style flip-
flops on children’s barefoot walking and jogging kinematics’, Journal of Foot and 
Ankle Research, vol. 6. 
Chard, A, Greene, AJB & Smith, R 2015, ‘Effect of thong style flip flops on children’s sidestep 
kinematics’, International Society of Biomechanics in Sport. 
Chard, A, Smith, R, Hunt, A & Greene, A 2011, ‘Effect thong style flip-flop footwear on 
children’s hallux sagittal-plane motion during gait’, in International Society of 
Biomechanics, Brussels, Belgium. 
Chester, VL, Tingley, M & Biden, EN 2006, ‘A comparison of kinetic gait parameters for 3–
13 year olds’, Clinical Biomechanics, vol. 21, pp. 726–732. 
Clarke, HH 1933, ‘An objective method of measuring the height of the longitudinal arch in 
foot examinations’, Research Quarterly. American Physical Education Association, 
vol. 4, pp. 99–107. 
Connors, JF, Wernick, E, Lowy, LJ, Falcone, J & Volpe, RG 1998, ‘Guidelines for evaluation 
and management of five common podopediatric conditions’, Journal of the American 
Podiatric Medical Association, vol. 88, pp. 206–22. 
Cronin, NJ, Barrett, RS & Carty, CP 2012, ‘Long-term use of high-heeled shoes alters the 
neuromechanics of human walking’, Journal of Applied Physiology, vol. 112, pp. 
1054–8. 
Csapo, R, Maganaris, CN, Seynnes, OR & Narici, MV 2010, ‘On muscle, tendon and high 
heels’, Journal of Experimental Biology, vol. 213, pp. 2582–8. 
Cupp, T, Oeffinger, D, Tylkowski, C & Augsburger, S 1999, ‘Age-related kinetic changes in 
normal pediatrics’, Journal of Pediatric Orthopaedics, vol. 19, pp. 475–78. 
D’août, K, Pataky, TC, De Clercq, D & Aerts, P 2009, ‘The effects of habitual footwear use: 
Foot shape and function in native barefoot walkers†’, Footwear Science, vol. 1, pp. 81–
94.
Chapter 1: Background to the thesis 
52 
De Clercq, D, Aerts, P & Kunnen, M 1994, ‘The mechanical characteristics of the human heel 
pad during foot strike in running: An in vivo cineradiographic study’, Journal of 
Biomechanics, vol. 27, pp. 1213–22. 
Delozier, GS, Alexander, IJ & Narayanaswamy, R 1991, ‘A method for measurement of 
integrated foot kinematics’, in Proceedings of the International Symposium on 3-
Dimensional Analysis of Human Movement, 79–82. 
Deschamps, K, Staes, F, Roosen, P, Nobels, F, Desloovere, K, Bruyninckx, H & Matricali, GA 
2011, ‘Body of evidence supporting the clinical use of 3d multisegment foot models: A 
systematic review’, Gait Posture, vol. 33, no. 3, pp. 338–49. 
Dixon, PC, Böhm, H & Döderlein, L 2012, ‘Ankle and midfoot kinetics during normal gait: A 
multi-segment approach’, Journal of Biomechanics, vol. 45, pp. 1011–6. 
Donker, S, Beek, P, Wagenaar, R & Mulder, T 2001, ‘Coordination between arm and leg 
movements during locomotion’, Journal of Motor Behavior, vol. 33, pp. 86–102. 
Dorey, F 2015, Australopithecus Africanus, viewed 11 July 2016, 
http://australianmuseum.net.au/australopithecus-africanus. 
Dusing, SC & Thorpe, DE 2007, ‘A normative sample of temporal and spatial gait parameters 
in children using the GAITRite® electronic walkway’, Gait & Posture, vol. 25, pp. 
135–9. 
Echarri, J & Forriol, F 2003, ‘The development in footprint morphology in 1851 Congolese 
children from urban and rural areas, and the relationship between this and wearing 
shoes’, Journal of Pediatric Orthopaedics, vol. 12, pp. 141–6. 
Evans, A, Rome, K & Peet, L 2012, ‘The foot posture index, ankle lunge test, Beighton scale 
and the lower limb assessment score in healthy children: A reliability study’, Journal 
of Foot and Ankle Research, vol. 5, no. 1. 
Evans, AM, Copper, AW, Scharfbillig, RW, Scutter, SD & Williams, MT 2003, ‘Reliability of 
the foot posture index and traditional measures of foot position’, Journal of the 
American Podiatric Medical Association, vol. 93, pp. 203–13. 
Chapter 1: Background to the thesis  
53 
Ferdinands, RED., Sinclair, PJ, Stuelcken, MC & Greene, A 2014, ‘Rear leg kinematics and 
kinetics in cricket fast bowling’, Sports Technology, vol. 7, pp. 52–61. 
Fiolkowski, P, Brunt, D, Bishop, M, Woo, R & Horodyski, M 2003, ‘Intrinsic pedal 
musculature support of the medial longitudinal arch: An electromyography study’, 
Journal of Foot and Ankle Surgery, vol. 42, pp. 327–33. 
Forriol, F & Pascual, J 1990, ‘Footprint analysis between three and seventeen years of age’, 
Foot & Ankle International, vol. 11, pp. 101–4. 
Franco, AH 1987, ‘Pes cavus and pes planus’, Physical Therapy, vol. 67, pp. 688–94. 
Franklin, S, Grey, MJ, Heneghan, N, Bowen, L & LI, FX 2015, ‘Barefoot vs common footwear: 
A systematic review of the kinematic, kinetic and muscle activity differences during 
walking’, Gait & Posture, vol. 42, pp. 230–9. 
Fuller, E 2000, ‘The windlass mechanism of the foot. A mechanical model to explain 
pathology’, Journal of the American Podiatric Medical Association, vol. 90, pp. 35–
46. 
Galik, K, Senut, B, Pickford, M, Gommery, D, Treil, J, Kuperavage, AJ & Eckhardt, RB 2004, 
‘External and internal morphology of the BAR 1002′00 Orrorin tugenensis femur’, 
Science, vol. 305, pp. 1450–3. 
Ganley, KJ & Powers, CM 2005, ‘Gait kinematics and kinetics of 7-year-old children: A 
comparison to adults using age-specific anthropometric data’, Gait & Posture, vol. 21, 
pp. 141–5. 
Ganley, KJ & Powers, CM 2006, ‘Intersegmental dynamics during the swing phase of gait: A 
comparison of knee kinetics between 7 year-old children and adults’, Gait & Posture, 
vol. 23, pp. 499–504. 
Gesell, A, Ilg, FL, Learned, J & Ames, LB 1943, Infant and child in the culture of today: The 
guidance of development in home and nursery school, Harper, Oxford, England. 
Greene, AJ, Sinclair, PJ, Dickson, MH, Colloud, F & Smith, RM 2009, ‘Relative shank to thigh 
length is associated with different mechanisms of power production during elite male 
ergometer rowing’, Sports Biomechanics, vol. 8, pp. 302–17. 
Chapter 1: Background to the thesis  
54 
Greene, AJ, Stuelcken, MC, Smith, RM & Vanwanseele, B 2014, ‘The effect of external ankle 
support on the kinematics and kinetics of the lower limb during a side step cutting task 
in netballers’, BMC Sports Science, Medicine and Rehabilitation, vol. 6, p. 42. 
Grood, ES & Suntay, WJ 1983, ‘A joint coordinate system for the clinical description of three-
dimensional motions: Application to the knee’, Journal of Biomechanical Engineering, 
vol. 105, pp. 136–44. 
Grundy, M, Tosh, P, Mcleish, R & Smidt, L 1975, ‘An investigation of the centres of pressure 
under the foot while walking’, Bone & Joint Journal, vol. 57, pp. 98–103. 
Haile-Selassie, Y 2001, ‘Late miocene hominids from the middle awash, Ethiopia’, Nature, 
vol. 412, pp. 178–81. 
Hausdorff, JM, Zemany, L, Peng, C & Goldberger, AL 1999, ‘Maturation of gait dynamics: 
Stride-to-stride variability and its temporal organization in children’, Journal of 
Applied Physiology, vol. 86, pp. 1040–7. 
Headlee, DL, Leonard, JL, Hart, JM, Ingersoll, CD & Hertel, J 2008, ‘Fatigue of the plantar 
intrinsic foot muscles increases navicular drop’, Journal of Electromyography and 
Kinesiology, vol. 18, pp. 420–5. 
Herman, R, Wirta, R, Bampton, S & Finley, F 1976, ‘Human solutions for locomotion. I. Single 
limb analysis’, Neural Control of Locomotion, vol. 18. 
Hicks, JH 1954, ‘The Mechanics of the Foot .2. The plantar Aponeurosis and the Arch’, 
Journal of Anatomy, vol. 88, pp. 25–7. 
Hill, TL 1974, ‘Theoretical formalism for the sliding filament model of contraction of striated 
muscle Part I’, Progress in Biophysics and Molecular Biology, vol. 28, pp. 267–340. 
Hoerr, NL 1962, Radiographic atlas of skeletal development of the foot and ankle: A standard 
of reference, Thomas, Springfield, Illinois. 
Holm, I, Tveter, AT, Fredriksen, PM & Vøllestad, N 2009, ‘A normative sample of gait and 
hopping on one leg parameters in children 7–12 years of age’, Gait & Posture, vol. 29, 
pp. 317–21. 
Chapter 1: Background to the thesis  
55 
Horak, F 1990, ‘Movement Science: Contemporary management of Motor Problems: 
Assumptions Underlying Motor Control for Neurological Rehabilitation, Foundations 
for Physical Therapy’. 
Hunt, A, Smith, R, Torode, M & Keenan, A 2001, ‘Inter-segment foot motion and ground 
reaction forces over the stance phase of walking’, Clin Biomech (Bristol, Avon), vol. 
16, no. 7, pp. 592–600. 
Inman, VT, Ralston, HJ & Todd, F 1981, Human walking, Williams & Wilkins, Baltimore, 
London. 
Jam, B 2006, Evaluation and retraining of the intrinsic foot muscles for pain syndromes related 
to abnormal control of pronation, Advanced Physical Therapy Education Institute, 
viewed 18 August 2012. 
Jeng, SF, Liao, HF, Lai, JS & Hou, JW 1997, ‘Optimization of walking in children’, Medicine 
and Science in Sports and Exercise, vol. 29, pp. 370–6. 
Johnson, AJ 1967, ‘Flip flop sandals’, British Medical Journal, vol. 2, pp. 55–7. 
Kadaba, MP, Ramakrishnan, HK & Wootten, ME 1990, ‘Measurement of lower extremity 
kinematics during level walking’, Journal of Orthopaedic Research, vol. 8, pp. 383–
92. 
Kadaba, MP, Ramakrishnan, HK, Wootten, ME, Gainey, J, Gorton, G & Cochran, GVB 1989, 
‘Repeatability of kinematic, kinetic, and electromyographic data in normal adult gait’, 
Journal of Orthopaedic Research, vol. 7, pp. 849–60. 
Kato, T & Watanabe, S 1981, ‘The etiology of hallux valgus in Japan’, Clinical Orthopaedics 
and Related Research, vol. 157, pp. 78–81. 
Keenan, AM 1997, ‘A clinician’s guide to the practical implications of the recent controversy 
of foot function’, Australasian Journal Podiatric Medicine, vol. 31, pp. 87–93. 
Kennedy, PM & Inglis, JT 2002, ‘Distribution and behaviour of glabrous cutaneous receptors 
in the human foot sole’, Journal of Physiology, vol. 538, pp. 995–1002. 
Chapter 1: Background to the thesis 
56 
Kepple, TM, Stanhope, SJ, Lohmann, KN & Roman, NL 1990, ‘A video-based technique for 
measuring ankle-subtalar motion during stance’, Journal of Biomedical Engineering, 
vol. 12, pp. 273–80. 
Keshner, EA 1991, ‘How theoretical framework biases evaluation and treatment’, in MJ Lister 
(ed.), Contemporary Management of Motor Problems, pp. 37–47. 
Kidder, S, Harris, G, Abuzzahab, F & Johnson, J 1993, ‘A four-segment model for clinical 
description of foot and anide motion’, in Proceedings of the 15th Annual International 
Conference of the IEEE, Engineering in Medicine and Biology Society, IEEE, pp. 
1065–6. 
Kidder, SM, Abuzzahab, FS Jr., Harris, GF & Johnson, JE 1996, ‘A system for the analysis of 
foot and ankle kinematics during gait’ IEEE Transactions on Rehabilitation 
Engineering, vol. 4, pp. 25–32. 
Kirtley, C 2006, Clinical gait analysis: Theory and practice, Elsevier Churchill Livingstone, 
London, United Kingdom. 
Kitaoka, HB, Luo, ZP & An, KN 1997, ‘Effect of the posterior tibial tendon on the arch of the 
foot during simulated weightbearing: Biomechanical analysis’, Foot and Ankle 
International, vol. 18, pp. 43–6. 
Laliberte, M 2017, 11 scary reasons why you should never, ever wear flip-flops, Reader’s 
Digest, accessed 3/7/2017 https://www.rd.com/health/wellness/flip-flops-bad-for-
feet/. 
Leardini, A, Chiari, L, Croce, UD & Cappozzo, A 2005, ‘Human movement analysis using 
stereophotogrammetry: Part 3. Soft tissue artifact assessment and compensation’, Gait 
& Posture, vol. 21, pp. 212–25. 
Leardini, A, Sawacha, Z, Paolini, G, Ingrosso, S, Nativo, R & Benedetti, MG 2007, ‘A new 
anatomically based protocol for gait analysis in children’, Gait & Posture, vol. 26, pp. 
560–71. 
Chapter 1: Background to the thesis  
57 
Lee, WE 2001, ‘Podiatric biomechanics. An historical appraisal and discussion of the Root 
model as a clinical system of approach in the present context of theoretical uncertainty’, 
Clinics in Podiatric Medicine & Surgery, vol. 18, pp. 555–684; discussion 685–90, v. 
Leppo, ML, Davis, D & Crim, B 2000, ‘The basics of exercising the mind and body’, 
Childhood Education, vol. 76, pp. 142–7. 
Likert, R 1952, ‘A technique for the development of attitude scales’, Educational and 
Psychological Measurement, vol. 12, pp. 313–5. 
Lundberg, A 1989, ‘Kinematics of the ankle and foot. In vivo roentgen stereophotogrammetry’, 
Acta Orthopaedica Scandinavica. Supplementum, vol. 233, pp. 1–24. 
Matusek, M 2007, Popular flip-flop sandals linked to rising youth heel pain rate American 
College of Foot and Ankle Surgeons, accessed 15/12/2013 
https://www.acfas.org/content.aspx?id=103. 
Mcclay, I 2001, ‘Report of “Static and dynamic classification of the foot” meeting, Annapolis, 
Maryland, May 2000’, Journal of Orthopedic and Sports Physical Therapy, vol. 31, p. 
158. 
Menant, J, Perry, S, Steele, J, Menz, H, Munro, B & Lord, S 2008, ‘Effects of shoe 
characteristics on dynamic stability when walking on even and uneven surfaces in 
young and older people’, Archives of Physical Medicine & Rehabilitation, vol. 89, pp. 
1970–6. 
Menz, HB & Lord, SR 2001, ‘Foot pain impairs balance and functional ability in community-
dwelling older people’, Journal of the American Podiatric Medical Association, vol. 
91, pp. 222–9. 
Menz, HB, Zammit, GV & Munteanu, SE 2007, ‘Plantar pressures are higher under callused 
regions of the foot in older people’, Clinical and Experimental Dermatology, vol. 32, 
pp. 375–80. 
Mickle, KJ, Steele, JR & Munro, BJ 2006, ‘The feet of overweight and obese young children: 
Are they flat or fat?’ Obesity, vol. 14, pp. 1949–53. 
Chapter 1: Background to the thesis  
58 
Morio, C, Lake, MJ, Gueguen, N, Rao, G & Baly, L 2009, ‘The influence of footwear on foot 
motion during walking and running’, Journal of Biomechanics, vol. 42, pp. 2081–8. 
Morley, A 1957, ‘Knock-knee in children’, British Medical Journal, vol. 2, p. 976. 
Morrison, S & Ferrari, J 2009, ‘Inter-rater reliability of the Foot Posture Index (FPI-6) in the 
assessment of the paediatric foot’, Journal of Foot and Ankle Research, vol. 2, no. 26. 
Moseley, L, Smith, R, Hunt, A & Gant, R 1996, ‘Three-dimensional kinematics of the rearfoot 
during the stance phase of walking in normal young adult males’, Clinical 
Biomechanics, vol. 11, pp. 39–45. 
Mudge, AJ, Bau, KV, Purcell, LN, Wu, JC, Axt, MW, Selber, P & Burns, J 2014, ‘Normative 
reference values for lower limb joint range, bone torsion, and alignment in children 
aged 4–16 years’, Journal of Pediatric Orthopaedics Part B, vol. 23, pp. 15–25. 
Murley, GS, Landorf, KB & Menz, HB 2010, ‘Do foot orthoses change lower limb muscle 
activity in flat-arched feet towards a pattern observed in normal-arched feet?’ Clinical 
Biomechanics, vol. 25, pp. 728–36. 
Myklebust, BM 1990, ‘A review of myotatic reflexes and the development of motor control 
and gait in infants and children: A special communication’, Physical Therapy, vol. 70, 
pp. 188–203. 
Nagel, A, Fernholz, F, Kibele, C & Rosenbaum, D 2008, ‘Long distance running increases 
plantar pressures beneath the metatarsal heads: a barefoot walking investigation of 200 
marathon runners’, Gait & Posture, vol. 27, pp. 152–5. 
Nigg, BM & Bobbert, M 1990, ‘On the potential of various approaches in load analysis to 
reduce the frequency of sports injuries’, Journal of Biomechanics, vol. 23, pp. 3–12. 
Nikolaidou, M & Boudolos, K 2006, ‘A footprint-based approach for the rational classification 
of foot types in young schoolchildren’, The Foot, vol. 16, pp. 82–90. 
Noakes, H & Payne, C 2003, ‘The reliability of the manual supination resistance test’, Journal 
of the American Podiatric Medical Association, vol. 93, pp. 185–9. 
Chapter 1: Background to the thesis  
59 
Norlin, R, Odenrick, P & Sandlund, B 1981, ‘Development of gait in the normal child’, Journal 
of Pediatric Orthopaedics, vol. 1, pp. 261–6. 
O’Connell, PA, D’Souza, L, Dudeney, S & Stephens, M 1998, ‘Foot deformities in children 
with cerebral palsy’, Journal of Pediatric Orthopedics, vol. 18, pp. 743–7. 
O’Meara, D, Smith R, Hunt, A & Vanwanseele, B 2007a, ‘In shoe motion of the child’s foot 
when walking’, in: Frederick, EYS, (ed.) 8th Footwear Biomechanics Symposium, 
Footwear Biomechanics Group, Taipei, Taiwan. 
O’Meara, DM, Smith, RM, Hunt, AE & Vanwanseele, BM 2007b, ‘School shoes reduce 
children’s foot motion during walking and jogging compared to barefoot’, in Australian 
Conference of Science and Medicine in Sport, Journal of Science and Medicine in Sport 
Suppl., Adelaide, Australia. 
Oeffinger, D, Brauch, B, Cranfill, S, Hisle, C, Wynn, C, Hicks, R & Augsburger, S 1999, 
‘Comparison of gait with and without shoes in children’, Gait & Posture, vol. 9, pp. 
95–100. 
Onodera, AN, Sacco, ICN, Morioka, EH, Souza, PS, Sá, MRD & Amadio, AC 2008, ‘What is 
the best method for child longitudinal plantar arch assessment and when does arch 
maturation occur?’ The Foot, vol. 18, pp. 142–9. 
Õunpuu, S, Gage, J & Davis, R 1991, ‘Three-dimensional lower extremity joint kinetics in 
normal pediatric gait’, Journal of Pediatric Orthopaedics, vol. 11, pp. 341–9. 
Panjabi, MM 1992, ‘The stabilizing system of the spine. Part II. Neutral zone and instability 
hypothesis’, Journal of Spinal Disorders, vol. 5, pp. 390–7. 
Payne, C, Oates, M & Noakes, H 2003, ‘Static stance response to different types of foot 
orthoses’, Journal of the American Podiatric Medical Association, vol. 93, pp. 492–8. 
Penkala, S 2008, Children’s footwear survey, April–July 2007: ‘Shoes and the healthy 
development of Australian children's feet’, Report to the NSW Department of 
Education. USYD. 
Penkala, S 2009, ‘Footwear choices for children: Knowledge, application and relationships to 
health outcomes’, PhD thesis, University of Sydney. 
Chapter 1: Background to the thesis  
60 
Peterson, ML, Christou, E & Rosengren, KS 2006, ‘Children achieve adult-like sensory 
integration during stance at 12-years-old’, Gait & Posture, vol. 23, pp. 455–63. 
Portney, LG & Watkins, MP 2000, Foundations of clinical research, Prentice-Hall, New 
Jersey. 
Price, C, Andrejevas, V, Findlow, A, Graham-Smith, P & Jones, R 2014, ‘Does flip-flop style 
footwear modify ankle biomechanics and foot loading patterns?’ Journal of Foot and 
Ankle Research, vol. 7, p. 40. 
Price, C, Jones, R & Graham-Smith, P 2010, ‘The health impact of health flip flop on 
asymptomatic gait’, in International foot and ankle biomechanics, Seattle, Washington 
US. 
Queen, R M, Mall, NA, Hardaker, WM & Nunley, JA 2007, ‘Describing the medial 
longitudinal arch using footprint indices and a clinical grading system’, Foot & Ankle 
International, vol. 28, pp. 456–62. 
Rao, U & Joseph, B 1992, ‘The influence of footwear on the prevalence of flat foot. A survey 
of 2300 children’, Journal of Bone Joint Surgery Britain, vol. 74-B, pp. 525–7. 
Rattanaprasert, U, Smith, R, Sullivan, M & Gilleard, W 1999, ‘Three-dimensional kinematics 
of the forefoot, rearfoot, and leg without the function of tibialis posterior in comparison 
with normals during stance phase of walking’, Clinical Biomechanics, vol. 14, pp. 14–
23. 
Redmond, AC, Crane, YZ & Menz, HB 2008, ‘Normative values for the Foot Posture Index’, 
Journal of Foot and Ankle Research, vol. 1, p. 6. 
Redmond, AC, Crosbie, J & Ouvrier, RA 2006, ‘Development and validation of a novel rating 
system for scoring standing foot posture: The Foot Posture Index’, Clinical 
Biomechanics, vol. 21, pp. 89–98. 
Reedy, M 1999, ‘Physical education study committee’, The Maryland Association for Health, 
Physical Education, Recreation, and Dance, Winter, pp. 5–6. 
Chapter 1: Background to the thesis  
61 
Ridge, ST, Johnson, AW, Mitchell, UH, Hunter, I, Robinson, E, Rich, B & Brown, SD 2013, 
‘Foot bone marrow edema after 10-week transition to minimalist running shoes’, 
Medicine and Science in Sports and Exercise, vol. 45, pp. 1363–8. 
Robbins, S & Waked, E 1997, ‘Balance and vertical impact in sports: Role of shoe sole 
materials’, Archives of Physical Medicine & Rehabilitation, vol. 78, pp. 463–7. 
Robbins, S, Waked, E & McClaran, J 1995, ‘Proprioception and stability: Foot position 
awareness as a function of age and footwear’, Age & Ageing, vol. 24, pp. 67–72. 
Root, M, Orien, W & Weed, J 1977, Clinical biomechanics (Vol2): Normal and abnormal 
functions of the foot, Clinical Biomechanics Corporation, Los Angeles. 
Sachithanandam, V & Joseph, B 1995, ‘The influence of footwear on the prevalence of flat 
foot. A survey of 1846 skeletally mature persons’, The Bone & Joint Journal, vol. 77-
B, pp. 254–7. 
Saltzman, CL, Domsic, RT, Baumhauer, JF, Deland, JT, Gill, LH, Hurwitz, SR, Kitaoka, HB, 
Mcclouskey, LC & Porter, D 1997, ‘Foot and ankle research priority: Report from the 
Research Council of the American Orthopaedic Foot and Ankle Society’, Foot & Ankle 
International, vol. 18, pp. 447–8. 
Sammarco, GJ & Hockenbury, RT 2001, ‘Treatment of stage II posterior tibial tendon 
dysfunction with flexor hallucis longus transfer and medial displacement calcaneal 
osteotomy’, Foot & Ankle International, vol. 22, pp. 305–12. 
Schepens, B, Willems, PA & Cavagna, GA 1998, ‘The mechanics of running in children’, 
Journal of Physiology, vol. 509, pp. 927–40. 
Scott, SH & Winter, DA 1990, ‘Internal forces at chronic running injury sites’, Medicine and 
Science in Sports and Exercise, vol. 22, pp. 357–69. 
Scott, SH & Winter, DA 1991, ‘Talocrural and talocalcaneal joint kinematics and kinetics 
during the stance phase of walking’, Journal of Biomechanics, vol. 24, pp. 743–52. 
Sharpe, T, Malone, A, French, H, Kiernan, D & O’Brien, T 2016, ‘Effect of flip-flops on lower 
limb kinematics during walking: A cross-sectional study using three-dimensional gait 
analysis’, Irish Journal of Medical Science, pp. 1–9. 
Chapter 1: Background to the thesis  
62 
Shine, L 1965, ‘Incidence of hallux valgus in a partially shoe-wearing community’, British 
Medical Journal, vol. 1, pp. 1648–50. 
Shroyer, F, Shroyer, J, Sumner A & Welimar, W 2010, ‘The effect of flip-flops on dorsiflexion 
and tibialis anterior electromyography’, in Annual Meeting of the Southeast Chapter of 
the American College of Sports Medicine, Greenville, SC. 
Shroyer, J & Welimar, W 2010, ‘Comparative analysis of human gait while wearing thong-
style flip-flops versus sneakers’, Journal of the American Podiatric Medical 
Association, vol. 100, pp. 251–6. 
Shultz, R & Jenkyn, T 2012, ‘Determining the maximum diameter for holes in the shoe without 
compromising shoe integrity when using a multi-segment foot model’, Medical 
Engineering & Physics, vol. 34, pp. 118–22. 
Smith, JW 1954, ‘The elastic properties of the anterior cruciate ligament of the rabbit’, Journal 
of Anatomy, vol. 88, pp. 369–80. 
Smith, R & McConnell, J 2007, ‘Power developed by the midfoot joint during walking with 
and without shoes’, in XXV ISBS Symposium 2007, Ouro Preto, Brazil. 
Smith, R, Rattanaprasert, U & O’Dwyer, N 2001, ‘Coordination of the ankle joint complex 
during walking’, Human Movement Science, vol. 20, pp. 447–60. 
Smith, R, Tong, SY, O’Meara, D, Vanwanseele, B & Hunt, A 2013, ‘Effect of footwear on 
lower limb kinematics in children during sidestep’, in 31 International Conference on 
Biomechanics in Sports, Taipei, Taiwan.  
Smith, R, Wegener, C, Greene, A, Chard, A & Fong Yan, A 2012, ‘Biomechanics of footwear 
design’, Journal of Foot and Ankle Research, vol. 5, supp. 1. 
Sorgen, M 1998, ‘Brain research: Implications for teadung and learning’ in Maryland 
Association for Supervision and Curriculum Development State Conference, Ocean 
City: MD. 
Soutas-Little, RW, Beavis, GC, Verstraete, MC & Markus, TL 1987, ‘Analysis of foot motion 
during running using a joint co-ordinate system’, Medicine and Science in Sports and 
Exercise, vol. 19, pp. 285–93. 
Chapter 1: Background to the thesis  
63 
Staheli, L 1991, ‘Shoes for children: A review’, Pediatrics, vol. 88, pp. 371–5. 
Staheli, LT, Chew, DE & Corbett, M 1987, ‘The longitudinal arch. A survey of eight hundred 
and eighty-two feet in normal children and adults’, Journal of Bone & Joint Surgery—
American Volume, vol. 69, pp. 426–8. 
Staheli, LT, Corbett, M, Wyss, C & King, H 1985, ‘Lower-extremity rotational problems in 
children. Normal values to guide management’, The Journal of Bone & Joint Surgery, 
vol. 67, pp. 39–47. 
Stebbins, J, Harrington, A, Thompson, N, Zavatsky, A & Theologis, T 2006, ‘Repeatability of 
a model for measuring multi-segment foot kinematics in children’, Gait & Posture, vol. 
23, pp. 401–10. 
Steele, J, Riddiford, D, Dowling, A & Storlien, L 1999, ‘Does obesity influence foot structure 
in prepubescent children: Current perspectives’, Clinical Biomechanics, vol. 14, p. 562. 
Stockmeyer, SA 1967, ‘An interpretation of the approach of Rood to the treatment of 
neuromuscular dysfunction’, American Journal of Physical Medicine & Rehabilitation, 
vol. 46, pp. 900–56. 
Sugden, D 2007, ‘Current approaches to intervention in children with developmental 
coordination disorder’, Developmental Medicine & Child Neurology, vol. 49, pp. 467–
71. 
Sun, H & Jensen, R 1994, ‘Body segment growth during infancy’, Journal of Biomechanics, 
vol. 27, pp. 265–75. 
Sutherland, D 1997, ‘The development of mature gait’, Gait Posture, vol. 6, pp. 163–70. 
Sutherland, DH, Cooper, L & Daniel, D 1980, ‘The role of the ankle plantar flexors in normal 
walking’, Journal of Bone and Joint Surgery—Series A, vol. 62, pp. 354–63. 
Sutherland, DH, Olshen, RA, Biden, EN & Wyatt, MP 1988, The development of mature 
walking, MacKeith Press, London. 
Chapter 1: Background to the thesis  
64 
Taniguchi, A, Tanaka, Y, Takakura, Y, Kadono, K, Maeda, M & Yamamoto, H 2003, 
‘Anatomy of the spring ligament’, Journal of Bone and Joint Surgery, vol. 85, pp. 
2174–8. 
Tax, H 1985, Regional orthopedic problems of the lower extremity. Podopediatrics Williams 
and Wilkins, Baltimore. 
Tecklin, JS 2008, Pediatric physical therapy, Lippincott Williams & Wilkins, Baltimore. 
Trinkaus, E 2005, ‘Anatomical evidence for the antiquity of human footwear use’, Journal of 
Archaeological Science, vol. 32, pp. 1515–26. 
Trinkaus, E & Shang, H 2008, ‘Anatomical evidence for the antiquity of human footwear: 
Tianyuan and Sunghir’, Journal of Archaeological Science, vol. 35, pp. 1928–33. 
Tsai, YJ & Lin, SI 2013, ‘Older adults adopted more cautious gait patterns when walking in 
socks than barefoot’, Gait & Posture, vol. 37, pp. 88–92. 
Valmassey, R 1996, Clinical biomechanics of the lower extremities, CV Mosby, St Lois. 
Vanwanseele, B, Stuelcken, M, Greene, A & Smith, R 2014, ‘The effect of external ankle 
support on knee and ankle joint movement and loading in netball players’, Journal of 
Science and Medicine in Sport, vol. 17, pp. 511–5. 
Walther, M, Herold, D, Sinderhauf, A & Morrison, R 2008, ‘Children sport shoes—a 
systematic review of current literature’, Foot and Ankle Surgery, vol. 14, no. 4, pp. 
180–9. 
Ward, CV 2002, ‘Interpreting the posture and locomotion of Australopithecus afarensis: Where 
do we stand?’ Yearbook of Physical Anthropology, vol. 45, pp. 185–215. 
Wegener, CAA 2013, ‘Moving from a splint to a functional midfoot shoe design for children’ 
PhD thesis, The University of Sydney. 
Wegener, C, Greene, A, Burns, J, Hunt, AE, Vanwanseele, B & Smith, RM 2015, ‘In-shoe 
multi-segment foot kinematics of children during the propulsive phase of walking and 
running’, Human Movement Science, vol. 39, pp. 200–11. 
Chapter 1: Background to the thesis  
65 
Wegener, C, Greene, A, Burns, J, Vanwanseele, B, Hunt, AE & Smith, R 2013, ‘Effect of 
sports shoes on midfoot power generation in children while walking and running’, 
Footwear Science, vol. 5, pp. S55–S56. 
Wegener, C, Hunt, A, Vanwanseele, B, Burns, J & Smith, R 2011, ‘Effect of children's shoes 
on gait: A systematic review and meta-analysis’, Journal of Foot Ankle Research, vol. 
4, no. 3. 
Wegener, C, O'Meara, D, Smith, R, Hunt, A & Vanwanseele, B 2009, ‘The effect of school 
shoes on foot and leg motion during functional activities in children’, Biannual 
University of Sydney Student Research Conference, Sydney, Australia. 
Wegener, CRS, Vanwanseele, B, Hunt, A & Burns, J 2010, ‘Effect of footwear on children’s 
gait. Systematic review’, in International foot and ankle biomechanics, Seattle, 
Washington, US. 
Winter, DA & Bishop, PJ 1992, ‘Lower extremity injury. Biomechanical factors associated 
with chronic injury to the lower extremity’, Sports Medicine (Auckland, NZ), vol. 14, 
no. 3, pp. 149–56. 
Wolf, P, Stacoff, A, Liu, A, Nester, C, Arndt, A, Lundberg, A & Stuessi, E 2008, ‘Functional 
units of the human foot’, Gait & Posture, vol. 28, pp. 434–41. 
Wolf, S, Simon, J, Patikas, D, Schuster, W, Armbrust, P & Döderlein, L 2008. ‘Foot motion in 
children shoes—A comparison of barefoot walking with shod walking in conventional 
and flexible shoes’, Gait & Posture, vol. 27, pp. 51–9. 
Wolff, J 1892, The law of bone remodelling, Springer, Berlin, Germany. 
Wrbaskic, N & Dowling, JJ 2007, ‘An investigation into the deformable characteristics of the 
human foot using fluoroscopic imaging’, Clinical Biomechanics, vol. 22, pp. 230–8. 
Wu, G, Siegler, S, Allard, P, Kirtley, C, Leardini, A, Rosenbaum, D, Whittle, M, D’lima, DD, 
Cristofolini, L, Witte, H, Schmid, O & Stokes, I 2002, ‘ISB recommendation on 
definitions of joint coordinate system of various joints for the reporting of human joint 
motion—Part I: Ankle, hip, and spine’, Journal of Biomechanics, vol. 35, pp. 543–8. 
Chapter 1: Background to the thesis  
66 
Yates, B & White, S 2004, ‘The incidence and risk factors in the development of medial tibial 
stress syndrome among naval recruits’, American Journal of Sports Medicine, vol. 32, 
pp. 772–80. 
Zipfel, B & Berger, LR 2007, ‘Shod versus unshod: The emergence of forefoot pathology in 
modern humans?’ Foot, vol. 17, pp. 205–13.  
   Chapter 2: Method  
67 
Chapter 2: Method 
 
   Chapter 2: Method  
68 
2.1 Experimental design 
The objectives of this study were to: 
 quantify the three-dimensional kinematics of children’s ankle, midfoot and sagittal-
plane first metatarsal phalangeal joint during walking and jogging 
 quantify the effect of thongs on children’s barefoot three-dimensional ankle, midfoot 
and sagittal-plane first metatarsal phalangeal joint kinematics during walking and 
jogging 
 quantify the effect of thongs and supportive shoes on children’s barefoot three-
dimensional ankle, midfoot and sagittal-plane first metatarsal phalangeal joint 
kinematics during a sidestepping task 
 quantify the effect of thongs and supportive shoes on children’s three-dimensional 
ankle and midfoot kinetics during the propulsive phase of gait. 
2.2 Participants and recruitment 
Participants were recruited from the greater metropolitan area of Sydney, Australia. They 
volunteered in response to a media release (see Appendix 2) and poster (see Appendix 3) that 
was placed in a number of medical practice waiting rooms.  
Criteria in the media release and posters stipulated healthy children aged between 8 and 13 
years of age. Prior to the initial presentation, a phone interview was conducted by an 
experienced clinician to identify and exclude any children who had required a medical 
consultation for foot or leg pathology in the preceding six months. At this time, an information 
pack (see Appendix 3) was sent to the parents/guardians of children who satisfied the inclusion 
requirements. 
During the initial presentation parents/guardians were given a ‘participant information sheet’ 
(see Appendix 4) to ensure they understood the experimental procedure. The children, together 
with their parent/guardian, were given a 10 minute tour to familiarise them with the laboratory. 
The University of Sydney Human Ethics Committee granted ethics approval for this study and 
a parent/guardian of each participant provided written consent, together with the child’s 
informed verbal consent, prior to participation. Following data collection, children were 
provided with a certificate of participation. 
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Power analysis, using data from a previous footwear study (Attwells & Smith 2000) indicated 
that 12 participants would be required to achieve a significant difference in the primary 
variable, with the alpha set at 0.05 and power set at 0.8, with an effect size of 0.62. This number 
is similar to the protocol established by Leardini, Benedetti et al. (2007) for measuring multi-
segment foot motion, which found meaningful differences between 10 participants. 
2.3 Instruments 
2.3.1 Motion analysis system 
The Motion Analysis System™ (Motion Analysis Corporation, Santa Rosa, US) is located at 
The University of Sydney’s Biomechanics Laboratory in The Faculty of Health Sciences 
Cumberland Campus, The University of Sydney, Lidcombe, NSW, 1825, Australia, as 
observed in Figure 2-1. The Motion Analysis System™ is a highly accurate three-dimensional 
motion measurement system used to obtain kinematics of predefined body segments with up 
to six degrees of freedom. The system consists of 14 video cameras, a force platform, a desktop 
computer with a mouse with two buttons and a centrally located roller button, a 32 inch monitor 
and Cortex1.1™ (Motion Analysis Corporation Santa Rosa, US) motion analysis software. 
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Figure 2-1 The University of Sydney Biomechanics Laboratory and motion analysis system, 
including 14 video cameras, force platform and desktop computer 
2.3.2 Cameras 
The University of Sydney biomechanics laboratory’s, Motion Analysis System™ includes 14 
Eagle cameras (Motion Analysis Corporation, Santa Rosa, US) to accurately capture complex 
three-dimensional motion. Each of the Eagle cameras are fitted with high quality 35 mm lenses 
and a red synchronous high efficiency strobe LED light mounted at the front of each camera to 
illuminate the reflective markers. For clear marker identification and recording, the 14 Eagle 
cameras were positioned (see Figures 2-1 and 2-2) within eight metres of the laboratory’s 
centre (Motion Analysis Corporation 2011). This distance was chosen to ensure the clear 
identification of the 12-mm diameter reflective markers used during this experiment. For clear 
identification, markers require a minimum visibility of three scan lines (or pixels) per 12 mm 
marker (Motion Analysis Corporation 2011).  
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Figure 2-2 Motion analysis captured volume and camera placement, as observed with Cortex 
1.1™ software 
2.3.3 Force platform 
The University of Sydney biomechanics laboratory has been constructed with the force 
platform architecture in mind. The 600 x 400 mm Kistler™ force platform (Kistler Group 
2008) (Model 9281B, Kistler™, Winterthur, Switzerland) has been built longitudinally into the 
walking path, level with the laboratory floor. The Kistler 9281B is a multi-component force 
platform of lightweight construction with four built-in piezoelectric 3-component force 
sensors. Force platforms are factory calibrated and supplied with calibration matrix files. Force 
platform accuracy is regularly checked to ensure consistency of measures.  
The Kistler force platform requires an 8 x 8 calibration matrix. This matrix contains only non-
zero data on the diagonal, from upper left to lower right, which is entered in the Cortex1.1™ 
interface, as demonstrated in Figure 2-3. The true X, Y, Z origin offset (the force platform XYZ 
coordinate system relative to the top of the force platform) and distances to the piezoelectric 
transducers are supplied by the manufacturer Kistler™ within the .cld file. The force platform 
data file contains a unique assignment to distinguish the: 
 force-plate calibration matrix (necessary for the output to be transformed to forces and 
movements) 
   Chapter 2: Method  
72 
 XYZ coordinates (necessary to identify the top centre top surface of the force plate and 
the XYZ location and video coordinate system, necessary for the Motion Analysis 
System™ to distinguish the centre top surface of the force plate relative to the video 
coordinate system) 
 3 x 3 orientation matrix necessary for the orientation of the force platform relative to 
the LCS.  
Figure 2-3 shows an example of the calibration constants for the eight outputs within the 
configuration file. The force platform has an internal reset switch, which was activated, 
resetting the force platform between all contacts and trials. 
 
Figure 2-3 Force platform interface observed in Cortex1.1™ for force plate 1 (FP1) with 
factory supplied 8 x 8 calibration matrix (calid.trb) file applied 
2.3.4 Cortex 1.1™ 
The Motion Analysis System™ includes the computer software Cortex1.1™ (Motion Analysis 
Corporation, Santa Rosa, US). The Cortex 1.1™ software has three primary functions: 
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 calibrate the capture volume necessary to establish the relationship between real world
positions of laboratory coordinates and the corresponding image coordinates
determined by the markers and recorded by the cameras for data processing
 construct and generate a model from marker locations, tracking and identifying these
locations in real time within the defined three-dimensional volume
 Conduct post-processing activities necessary to output clean, well tracked files for use
by other software.
2.3.5 Laboratory calibration 
To begin the calibration of the laboratory, a working folder for the day’s data collection was 
created. This folder was identifiable by the date of collection. 
Inputting each camera’s focal length (see Figure 2-4), position and orientation in relation to the 
objects in the reference trial is an important step when cameras are inadvertently bumped or 
moved during the data collection process after calibration. Target markers must be visible by 
two or more cameras at any moment to generate adequate information for the tracking of the 
target in three-dimensional space.  
This process of calibration collects 11 coefficients, which define the configuration of each 
camera view. The calibration coefficients, together with the image coordinates of a single 
reflective marker, are adequate to define the path of the marker through the predefined captured 
volume. For the system to be calibrated, it is essential that both ‘seed’ and ‘wand’ calibrations 
are performed prior to each data collection session.  
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Figure 2-4 Camera focal length and orientation, as observed in Cortex1.1™ 
Manual insertion of camera focal length is essential for accurate marker tracking during motion analysis 
trials.  
Seed calibration 
The steel rectangular seed, custom made and surveyed in the biomechanics laboratory, includes 
four markers known as ‘control points’ (see Figure 2-5). The control points are a known 
distance from one another (±1 mm) adhered to a steel rectangular frame. The frame has four 
guide pins, which are located within a force platform via guide holes. The guide holes allow 
for the seeds’ identical placement between test sessions. This process defines the origin and 
direction of the laboratory’s orientation with the +X-axis in the forward direction of walking 
and jogging trials, the Y-axis medial/lateral to X and the +Z-axis upwards/vertical.  
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Figure 2-5 The rectangular seed (Motion Analysis Corporation) necessary to define the LCS 
and FP1 location 
The position of the cameras was checked, with tripod-held markers at the four corners of the 
captured volume to ensure all aspects of the volume were visible by three or more cameras (see 
Figure 2-6). 
 
Figure 2-6 Camera orientations and the defined capture volume, as observed with 
Cortex1.1™ software 
For the calibration of the capturing volume, the Cortex1.1™ console was turned on to 2D 
camera views and all views were opened (see Figure 2-7).  
X 
Z 
Y 
X FP1 
Walk and jog 
direction 
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Figure 2-7 Laboratory light source masking 
Cameras ‘All On’ view and the defined capture volume, as observed with Cortex1.1™ software. 
Wand calibration 
For the calibration of the capturing volume, a 500 mm ‘wand’ (Motion Analysis Corporation) 
(see Figure 2-8) with three precisely located markers attached to a shaft handle was waved in 
a controlled fashion over the three dimensions. This was done after ensuring any extraneous 
reflective material in the capture volume was removed. 
 
Figure 2-8 Calibration wand (Motion Analysis Corporation) 
   Chapter 2: Method  
77 
With cameras collecting data at 60 Hz, the wand calibration was performed for 120 seconds 
using the 1/3 method. This method involves moving the wand markers in alignment along each 
of the laboratory’s X, Y and Z axes for 1/3 (40 seconds) of the time each. 
Calibration of all 14 cameras was completed prior to each session of data collection. Residual 
error for the motion analysis system, representing the accuracy with which the system could 
reconstruct marker location within the captured volume, was < 0.5 mm across all testing 
sessions. 
With the seed and wand calibrations finalised, the project was saved and ready for the 
participant data collection process.  
2.3.6 Reflective markers 
Polystyrene balls 12 mm in diameter were adapted for the experiment by the researcher. The 
balls were first wrapped with four mm wide strips of 3M™ Scotch Lite® engineering grade 
reflective tape. The tape was cut into four mm wide strips to enable good wrapping of the 
spheres with minimal distortion to the spherical shape. The spheres were then adhered to 
25 mm diameter vinyl circles with Araldite® adhesive. Markers were adhered to landmarks 
with double-sided adhesive Scotch® tape. The medial malleolus and medial condyle markers 
were often bumped by the child participants, so an additional piece of Hyperfix® dressing, 
with an aperture cut out for the marker, was applied over the vinyl to the skin leaving the 
marker exposed, preventing inadvertent disruption of the markers. This was also done for the 
five right foot markers to prevent their movement during footwear change and to enable 
identical replacement of markers between conditions. 
2.4 Model segments and joint coordinate systems 
2.4.1 Model segments 
Model segments of the pelvis, thigh, shank, rearfoot and forefoot were modelled as five rigid 
segments with six degrees of freedom (Buczek et al. 2010; Collins et al. 2009). An additional 
segment was created for the hallux with a single degree of freedom. These segments were 
defined by three 12 mm diameter spherical markers placed in a non-collinear configuration, as 
follows. 
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Pelvis segment 
The markers, L.Asis and R.Asis were placed on the most prominent point of the anterior 
superior iliac spine (ASIS) by palpating the superior aspect of the ilium laterally and following 
the crest anteriorly until palpating the anterior bony prominence (see Table 2–1). Care should 
be taken to avoid placing the marker directly over the superior elastic ridge of briefs or lycra 
shorts. Wherever possible, clothing should be lowered below this line. The R/L.Asis and 
V.Sacral, together with the R/L Grtroc markers, define the fundamental pelvic axes used as the 
origin for all other relative kinematics and to calculate the hip joint centre. Therefore, it is 
important to ensure that the marker locations are palpated correctly. 
Table 2–1 Marker locations for pelvis segment 
Marker name Location 
V.Sacral Spinous process of S1 
R/L.Asis Most prominent point of the ASIS 
R/L Grtoc  Most prominent point of the greater trochanter of the femur 
 
Thigh segment 
The R/L Grtroc markers were placed on the most prominent point of the greater trochanter, as 
close to the bony prominence as possible (see Table 2–2). This prominence can be more easily 
palpated while the participant internally and externally rotates the hip joint. The medial and 
lateral knee condyles can be easily identified while the participant flexes and extends their 
knee. Once the researcher is confident of the prominence palpated, the participant may return 
to a comfortable standing position while the marker is applied.  
Table 2–2 Marker locations for thigh segment 
Marker Name Location 
R/L Grtoc Most prominent point of the greater trochanter of the femur 
R/L Thigh  Lateral aspect of the mid-thigh  
R/L Knee Most prominent point of the lateral femoral condyle 
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Shank segment 
The R Shank marker was placed on the tibial tuberosity, inferior to the patella (see Table 2–3). 
The Lateral Tibia marker was placed on the lateral leg, midway between the R/L Shank and 
the R/L Lower Tibia markers. The R/L Lower Tibia marker was placed on the anteromedial 
bony surface of the distal tibia, medial to the tibialis anterior tendon because skin movement at 
this site is minimal (Kaufman, Moitoza & Sutherland 1991).  
Table 2–3 Marker locations for shank segment 
Marker Name Location 
R Shank Tibial tuberosity of the tibia 
R/L Lateral Tibia Placed on the bony surface of the fibular inferior to peroneus brevis 
R Lower Tibia Placed on the anteromedial bony surface of the tibia, medial to the 
tibialis anterior tendon 
 
Rearfoot segment 
Motion of the rearfoot segment was determined using a detachable wand triad marker (see 
Figure 2-9, Table 2–4) that has been previously demonstrated to be valid and reliable (O’Meara 
et al. 2007b; Rattanaprasert et al. 1999). It consisted of an array of three markers mounted onto 
a rigid shaft that attached to the calcaneus via a flexible metal stirrup. The stirrup provided a 
large contact area around the calcaneus and was secured using double-sided adhesive tape. For 
the supportive shoe (see Figure 2-9) trials, the removable wand triad stalk passed through a 16 
mm diameter window located in the shoe heel counter. 
Table 2–4 Marker locations for rearfoot segment 
Marker name Location 
Lat.Wand Lateral wand marker 
Midd.Wand Middle wand marker 
Med.Wand Medial wand marker 
R/L Heel Posterior distal aspect of the calcaneus, superior 
enough to not be affected by ground contact and 
heel fat-pad spread 
   Chapter 2: Method  
80 
  
 
 
Figure 2-9 Detachable wand triad marker and stirrup 
Note the 16-mm diameter window in the heel counter of the supportive shoe (Clarkes Detroit) for in-shoe 
rearfoot kinematics to be determined. 
 
Forefoot segment 
Motion of the forefoot was determined with markers located at the navicular (Wrbaskic & 
Dowling 2007), first and fifth metatarsal heads. Navicular, first and fifth metatarsal head 
markers were fixed to magnetic bases using strong, self-centring magnets (see Figure 2-10), 
firmly adhered to the skin using 16 mm windows created in the shoe’s upper. Larger windows 
created in the shoe’s upper of between 17 mm and 25 mm have been shown not to adversely 
affect the integrity of adults’ shoes (Shultz & Jenkyn 2012). The use of the detachable self-
centring rearfoot wand and magnetic clusters enabled timely removal and accurate replacement 
of markers between footwear conditions, as well as the measurement of in-shoe motion.  
Additional steps were taken to firmly secure these marker bases, using an additional piece of 
Hyperfix® dressing tape with an aperture cut out to expose the marker. This tape was placed 
over the markers’ vinyl base on the skin, to ensure the marker bases remained secured between 
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footwear changes, if there were sudden velocity changes or bumping of the markers (see Table 
2–5). 
Table 2–5 Marker locations for forefoot segment 
Marker Name Location 
R/Navicular Most prominent aspect of the medial navicular 
L/R 1st MTP joint Slightly medial to the most prominent ridge of the distal 1st 
metatarsal head 
L/R 5th MTP joint Slightly laterally to the most prominent ridge of the distal 5th 
metatarsal head 
  
Figure 2-10 Detachable foot markers and wand triad 
Rearfoot wand triad and detachable magnetic markers of the navicular and the first and fifth distal metatarsal 
heads. Three markers located at the medial, posterior and lateral calcaneus were used to assess the validity 
and reliability of the rearfoot wand triad (O’Meara et al. 2007a). 
 
Hallux segment 
The right first metatarsal head and hallux marker were fixed to a magnetic base using strong, 
self-centring magnets (see Figure 2-11) and firmly adhered to the skin using 16 mm windows 
created in the shoe’s upper and toe box. Additional measures were taken to secure these marker 
bases with the addition of a piece the Hyperfix® dressing tape, which included an aperture with 
a hole cut out to expose the marker and was applied over the vinyl base on the skin (see Table 
2–6). This was done for the hallux marker as this magnetically secured marker could be 
dislodged with sudden changes in velocity or as the children turned. 
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Table 2–6 Marker locations for hallux segment 
Marker Name Location 
R/L 1st MTP joint Slightly medial to the most prominent ridge of the distal first 
metatarsal head 
R/L.Toe Placed on the dorsal hallux nail  
 
 
Figure 2-11 Sydney foot model marker set applied to participant, anterior view 
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2.4.2 Joint coordinate systems 
Relative angles were calculated using the defined JCS (Grood & Suntay 1983). All JCS were 
defined with the participant standing in the reference position. All segment X-axes were 
initially aligned with the laboratory –Z-axis (down), segment Y-axis pointing anteriorly (X-
axis of laboratory) and the segment Z-axis pointing to the right of the participant (–Y-axis of 
the laboratory).  
Hip 
Hip joint motion was defined by the distal thigh segment, relative to the proximal pelvic 
segment. Hip JCSs were determined in accordance with ISB recommendations, using the 
prediction approach (Bell, Pedersen & Brand 1990; Davis III et al. 1991; Seidel et al. 1995) 
cited by Wu et al. (2002) (see Figure 2-12).  
 
Figure 2-12 Hip JCSs, as recommended by ISB, Wu et al. (2002) and corresponding LCS 
Illustration of the pelvic coordinate system (XYZ), femoral coordinate system (xyz) and the JCS for the right 
hip joint. 
Knee 
Motion of the knee (see Figure 2-13) was defined by the distal shank segment relative to the 
thigh segment. The six degrees of freedom knee joint centre was located at the midpoint 
between the femoral condyle markers (R.Knee and R.Medial Knee). Axis definitions applied 
to the participant standing in a reference position facing the positive X-axis of the laboratory. 
The X-axis was aligned with the Z-axis of the laboratory +Z-axis (up), the Z-axis was aligned 
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with the +Y-axis (left) of the laboratory and the Y-axis was aligned with the +X-axis (forward) 
of the laboratory. 
 
Figure 2-13 Knee JCS and corresponding LCS 
The knee joint centre is located with a virtual marker (yellow) positioned midway between the medial 
condyle (blue) and lateral condyle (blue dashed) markers. Knee joint motions of internal/external rotation 
occurred about the XJCS-axis, flexion/extension about the ZJCS-axis and abduction/adduction about the YJCS-
axis. 
Ankle 
Motion of the ankle (see Figure 2-14) was defined by the distal rearfoot segment relative to the 
shank segment. The two joints of the rearfoot (talocrural and subtalar) were considered a single 
universal joint (Smith, Rattanaprasert & O’Dwyer 2001; Wu et al. 2002), with its centre located 
at the midpoint between the medial and lateral malleolar markers.  
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Figure 2-14 Ankle JCS and corresponding LCS 
The ankle joint centre is located at a virtual marker (yellow) positioned midway between the medial (blue 
dashed) and lateral malleolar (blue) markers. Ankle joint motions of abduction/adduction occurred about the 
XJCS-axis, dorsiflexion/plantarflexion about the ZJCS-axis and inversion/eversion about the YJCS-axis. 
Midfoot 
Motion of the midfoot (see Figure 2-15) was defined by the distal forefoot segment relative to 
the rearfoot segment. The midfoot angle describing the angular relationship between the 
forefoot and the rearfoot used a similar JCS as that for the ankle. The forefoot segment X and 
Y-axes had their origin in line with the navicular marker and the Z-axis origin was lateral to 
the navicular marker in line with the rearfoot joint centre. The axis system origin for the shank 
segment was midway between the medial and lateral femoral condyles.  
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Figure 2-15 Midfoot JCS and corresponding LCS 
The midfoot joint centre is located at a virtual marker (yellow) projected forward from the ankle joint centre 
(yellow dashed) lateral to the navicular marker. Midfoot joint motions of abduction/adduction occurred about 
the XJCS-axis, dorsiflexion/plantarflexion about the ZJCS-axis and inversion/eversion about the YJCS-axis. 
First MTP joint 
The first metatarsal phalangeal joint (MTP joint) motion (see Figure 2-16) was defined by the 
distal hallux segment relative to the proximal first metatarsal segment. Sagittal-plane motion 
of the first MPT joint was determined by the distal hallux segment in relation to the proximal 
first metatarsal segment with its axis located at the first metatarsal head marker. The first MPT 
joint angle describes the hallux plantarflexion/dorsiflexion relationship to the first metatarsal 
segment. 
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Figure 2-16 First MTP JCS and corresponding LCS 
The first MPT joint centre is located at the distal first metatarsal marker (blue). Sagittal-plane first MTP joint 
motion is determined from the proximal navicular marker (blue) and distal hallux marker (blue). The ZJCS-
axis is depicted by the red circle 
Once markers were applied, participants were instructed to stand for four seconds for the 
reference trial to be recorded. 
2.5 Experimental procedure 
2.5.1 Laboratory set up 
On the days of data collection, the laboratory air conditioning was set to 22° Celsius. This was 
done at least one hour before participants arrived to ensure a comfortable temperature for data 
collection. 
2.5.2 Subjective assessment 
Upon arrival, participants were given a tour of the laboratory environment and the 
parent/guardian was given an information sheet (see Appendix 7) with a signature required for 
informed consent. Parents/guardians were questioned by an experienced clinician regarding the 
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child’s recent medical history. Children were excluded from the study if a foot deformity was 
identified or if the child had required a medical consultation for foot or leg pathology in the 
preceding six months. 
 
2.5.3 Physical examination 
Children were screened and excluded if they had excessive joint hypermobility or extremes in 
foot posture. Characteristics of height, weight and flexibility using the Beighton score 
(Beighton, Solomon & Soskolne 1973), an index of flexibility (see Figure 2-17) and preferred 
foot and foot posture (FPI, Appendix 1) were recorded and reflective markers applied (see 
Figure 2-18). Children were deemed hypermobile and excluded if their Beighton Joint Mobility 
Index exceeded 5/9 (Van Der Giessen et al. 2001). The child’s foot posture was determined by 
an experienced podiatric clinician using the FPI (see Appendix 1). Children were excluded 
from the trial if their FPI exceeded 2 SD of normal, thereby excluding highly pronated and 
highly supinated foot types (Redmond, Crane & Menz 2008). 
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a. b. c. 
d. e. 
Figure 2-17 Beighton Hypermobility Index 
a. Dorsiflexion of the fifth MCP above 90 degrees, fifth finger passively extended by the subject; b.
Apposition of thumb to volar aspect of forearm, apply pressure over the interphalangeal joint; c.
Hyperextension of elbow by 10 degrees, shoulder abducted 80 degrees, forearm supinated; d.
Hyperextension of knee by 10 degrees, supine with one or two towel rolls placed under the ankle; e. Hands
flat on floor with knees extended. Each test is allocated a score of one if the criteria is met and zero if not.
Total score between zero and nine. Images reproduced from Beighton et al. (1973).
2.5.4 Participant preparation 
Following the subjective assessment and physical examination, boys were asked to change in 
a separate room into lycra shorts and girls into lycra shorts and tops. A dressing gown was 
supplied for the children’s comfort between trials, as shown in Figure 2-18. Children were 
asked to step onto a small step-box platform (two steps high), where an experienced clinician 
palpated landmarks and applied the adhesive reflective markers.  
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Figure 2-18 Participant preparation and marker application 
If footwear conditions required thongs and supportive shoes, they were selected and fitted. 
Thong size was determined using a best-fit approach, ensuring the toes and heel were not 
overhanging the thong sole. Supportive shoes were fitted, ensuring a small space (7 mm) 
(Burns, Leese & McMurdo 2002) existed between the children’s toes and the toe box of the 
shoe. Magnetic marker bases were palpated through the supportive shoe, which was marked, 
ensuring windows were drilled in the correct location and marker locations were not 
compromised. Windows have been used in other studies to determine in-shoe multi-segment 
foot motions (Bishop, Paul & Thewlis 2013; Greene et al. 2014; Sinclair et al. 2013; Wegener 
et al. 2015; Wegener et al. 2016) and have been shown not to adversely affect adult shoe 
integrity if less than 25 mm in diameter (Shultz & Jenkyn 2012). Five 16 mm windows were 
drilled into the supportive shoe for the hallux, distal first and fifth metatarsal heads and 
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navicular and posterior calcaneous (wand triad) for the removable foot markers. Shoelaces of 
the supportive shoe were tightened by an experienced clinician using a spring scale, as observed 
in Figure 2-19 (Ohaus Scale Corporation, Flornam Park, New Jersey, US), ensuring a 
consistent shoelace tension of 20 N was applied when tying the participant’s shoelaces. 
Figure 2-19 Spring scale 
The spring scale was used to ensure consistent shoe lace tension (20 N) across all participants during the 
supportive shoe condition. 
2.5.5 Footwear conditions 
In the thong condition (see Figure 2-20), the most commonly occurring and popular thong style 
was chosen, Havaianas (Alpargatas, São Paulo, Brazil), which were modelled on the traditional 
Japanese Zori straw sandal worn during the Second World War (Ashizawa et al. 1997). They 
comprise a Sorbo rubber template, loosely secured to the foot by a single rubber strap extending 
from the first web space to the base of the first and fifth metatarsals (Johnson 1967). 
Originating in 1962, the intention of Havaianas Inc. was for the thong-style flip-flop to be 
modelled on the traditional Japanese Zori sandal. To mimic the rice straw Zori, they produced 
a textured rubber sole with 33 (Shore A) (Price, Cooper et al. 2014) hardness. 
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Figure 2-20 Thong-style Havaianas flip-flops (Alpargatas, São Paulo, Brazil) 
For the supportive shoe condition, the Clarkes Detroit (C & J Clark International Ltd) school 
shoe was used (see Figure 2-21). This school shoe has been a recommended by Australian 
podiatrists for over 10 years and is widely accepted among Australian school dress codes. It is 
lightweight with extra depth construction and an all-leather upper providing support and 
protection. The extra depth and removable insole allows for easy customisation by 
practitioners, should the need arise. 
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Figure 2-21 Supportive shoe, Clarkes Detroit (C & J Clark International Ltd) 
2.5.6 Reference position 
Prior to children conducting the motion trials, a reference position was recorded. This process 
was repeated at the conclusion of the trials to control for the children’s inadvertent bumping 
and shifting of markers (Stebbins et al. 2006). To obtain the reference position, participants 
approached the laboratory centre, placing their right heel and second metatarsal head parallel 
to the X-axis of the laboratory with the assistance of a single experienced clinician (see Figure 
2-22a). With the right foot planted, the participant stood in a comfortable resting base with the
angle of gait facing the direction they would be walking. Participants raised their arms to a 
horizontal position to ensure optimum marker visibility by the cameras (see Figure 2-22b). 
While standing still, the recording began for two seconds before the participant was asked to 
walk forward, with recording lasting a further two seconds. This dynamic capture improved 
the post-processing linkage identification. 
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a. b. 
Figure 2-22 Reference position 
a. A participant’s right foot being aligned with the X-axis of the laboratory while wearing thongs; b.
Participant standing ready in the reference position while wearing thongs.
2.5.7 Dynamic trials 
Walking and jogging 
Children undertook a number of practice walking and running trials along the 10 m walkway 
to gain familiarity with the adhered markers. In a repeated measures experimental design, 
participants conducted a number of walking trials until five successful walking (see Figure 2-
23) and jogging (see Figure 2-24) trials were collected (Greene et al. 2014) using a self-selected
pace, while visually attending to a distant line bisecting the lab to maintain direction and avoid 
targeting the force plate. Trials were repeated barefoot, wearing simple, non-contoured thongs 
and school shoes. Multiple trials were conducted to account for individuals’ natural stride 
differences, as observed in successive strides (Smith et al. 2001). A successful trial was 
determined when the participant struck the force platform without any aspect of the foot 
missing the force platform. The test order of barefoot, thong or footwear condition was 
randomised between all participants using a computer-generated order. Trials were conducted 
in order of complexity: walking, jogging and sidestepping. 
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Figure 2-23 Participant walking during data collection while wearing thongs 
Figure 2-24 Participant jogging barefoot 
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Sidestepping 
Following the walking and jogging trials, children were asked to perform a jogging sidestep. 
To do this, participants were instructed to use a 5 m straight-line approach to the landing area 
at a self-selected speed. All participants were required to land on the ground, embedded and 
level on the force platform with the right foot, before sidestepping or cutting to the left at an 
angle of approximately 45° towards a designated, marked location, as shown in Figure 2-25. 
Participants were allowed as many practice trials as necessary to become familiar with the 
procedures and testing environment. Once data collection commenced, participants were 
required to complete five successful trials (Greene et al. 2014).  
a. b. 
Figure 2-25 Sidestepping task 
a. Participant during the sidestep task while wearing supportive shoes. b. Cortex 1.1™ reconstruction of a
sidestepping participant.
Data cleaning and tracking were conducted prior to being exported (file format) to enable 
processing in KinTrak. 
2.6 Data processing (KinTrak™) 
Post-processing was conducted using KinTrak™ (University of Calgary, Canada) in which the 
raw data was aligned with defined joint-coordinated systems and the stance phase normalised 
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across trials, with phase parameters set and exported as text files (Chard et al. 2013; Smith & 
McConnell 2007; Wegener et al. 2013). 
The force platform was synchronised with the motion analysis system for the determination of 
gait phases. The stance phase event and sub-phases of contact, mid-stance and propulsion were 
calculated from threshold variables determined by the force platform (O’Meara et al. 2007a; 
O’Meara et al. 2007b; Wegener 2013; Wegener et al. 2013; Wegener et al. 2015). Heel contact 
marked the beginning of the stance phase and was set at the initial increase in vertical ground 
reaction force (LCSZ). Foot flat marked the beginning of mid-stance and was determined at the 
time of maximum posterior force (LCSX) of the first metatarsal head marker. Heel lift marked 
the beginning of the propulsive phase and was determined at the crossing of posterior to 
anterior force (LCSX). Toe-off marked the end of the stance phase and was determined by the 
reduction of vertical ground reaction force to zero (LCSZ). 
All trials were truncated at 20 per cent prior to heel strike of the right foot and at 20 per cent 
after the right foot toe-off and the time normalised to the right foot’s stance phase. In 
accordance with previous literature, the kinematic data were smoothed at 20 Hz (Belli, 
Kyrolainen & Komi 2002).  
2.7 Data analysis (MatLab™) 
Data analysis was conducted using MatLab R2015a (Smith et al. 2001), generating ensemble 
data output from the KinTrak text files of three-dimensional joint kinematics for individual 
subjects with five trial time series and an ensemble of participants’ output for analysis (Moseley 
et al. 1996). Gait phases were determined using the force-plate data. Force platform data were 
used to determine the four events necessary to define the stance phase of gait and the three 
stance sub-phases: foot contact (heel contact to foot flat); mid-stance (foot flat to heel rise) and 
propulsion (heel rise to toe-off). Foot flat and heel rise events were defined within the stance 
phase where the posteriorly directed ground reaction force reached its greatest absolute 
magnitude (Chard et al. 2013; Wegener et al. 2015). 
For the walking and jogging trials, the mean and 95 per cent confidence intervals of five trials 
were calculated for each child. Then, the ensemble mean and 95 per cent confidence intervals 
across participants were computed. Resultant velocities were calculated and three-dimensional 
relative angles calculated from the V.Sacral marker displacement (Wegener et al. 2013). The 
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mean sidestep velocity of participants was determined for the laboratory X and Y directions 
using this marker’s displacement during weight acceptance, toe-off and the resultant velocities 
of stance.  
For the inverse dynamics, data were analysed following heel rise, from 60 per cent to 120 per 
cent of the stance phase (Dixon, Böhm & Döderlein 2012; Smith & McConnell 2007), as the 
force-plate ground reaction force must be wholly anterior to the midfoot joint for correct 
calculation of the midfoot kinetics (Grundy et al. 1975). The hallux segment was included in 
the midfoot segment (Dixon et al. 2012), as it is considered to have a minimal overall effect in 
power production (Grundy et al. 1975). For each participant and condition, the mean of five 
trials was calculated. The ensemble mean and 95 per cent confidence intervals across 
participants were then computed. The confidence intervals were used to determine whether 
differences were significant between conditions for the continuous data. Variables calculated 
using participant mass were expressed per unit body mass to reduce variability, due only to 
body mass. For example, power variable units were expressed as watts/body mass (W/kg). A 
positive power output at a joint indicates concentric muscle contraction and power generation, 
while negative power output demonstrates eccentric muscle activity and power absorption. 
2.8 Statistical analysis (SPSS™) 
The primary discrete variable of the footwear condition, comparing thong with supportive shoe 
and barefoot, was entered in a three-by-five nested repeated measure analysis of variance 
(ANOVA) undertaken in SPSS 22 (IBM SPSS Statistics for Windows, Armonk, NY). 
Post-hoc Bonferroni adjustments (Greene et al. 2014) were applied when multiple pair-wise 
comparisons were made between conditions to reduce the possibility of making a Type-I error 
(Mittelhammer, Judge & Miller 2000). This approach improves the confidence with which 
clinicians may interpret results, as it controls for more extreme comparisons. In addition, this 
approach reduces the clinicians’ researcher bias by testing repeated conditions without a 
preconceived hypothesis (Armstrong 2014). It is acknowledged that the inclusion of the 
Bonferroni adjustment for pair-wise comparisons and multiple dependent variables increases 
the chance of Type-II errors (Perneger 1998). The threshold of p < 0.05 was set to determine 
the significance of the effects of range of motion value and mean difference. Statistical analysis 
was carried out using nested repeated measures design for maximum and minimum range and 
standard deviations. 
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3.1 Preface 
The aim of this chapter is to describe and measure the effect of thongs on children’s walking and 
jogging gait during the stance phase. The results of this study demonstrate that wearing thongs may 
be less detrimental to children’s feet than popularly thought. 
The study in this chapter has been accepted for publication: 
Chapter 2 is published as: Chard, A, Greene, A, Hunt, A, Vanwanseele, B & Smith, R 2013, ‘Effect 
of thong style flip-flops on children’s barefoot walking and jogging kinematics’, Journal of Foot and 
Ankle Research, vol. 6, no. 1, p. 8 (highly accessed). 
The study has been presented at the following conferences: 
Chard, A, Hunt A, Vanwanseele, B & Smith, R 2009, ‘The effect of thongs on children’s gait’, Paper 
presented at the PGRS Conference, The University of Sydney. 
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barefoot walking and jogging kinematics
Angus Chard1*, Andrew Greene1,2, Adrienne Hunt1, Benedicte Vanwanseele1,3 and Richard Smith1Abstract
Background: Thong style flip-flops are a popular form of footwear for children. Health professionals relate the
wearing of thongs to foot pathology and deformity despite the lack of quantitative evidence to support or refute
the benefits or disadvantages of children wearing thongs. The purpose of this study was to compare the effect of
thong footwear on children’s barefoot three dimensional foot kinematics during walking and jogging.
Methods: Thirteen healthy children (age 10.3 ± 1.6 SD years) were recruited from the metropolitan area of Sydney
Australia following a national press release. Kinematic data were recorded at 200 Hz using a 14 camera motion
analysis system (Cortex, Motion Analysis Corporation, Santa Rosa, USA) and simultaneous ground reaction force
were measured using a force platform (Model 9281B, Kistler, Winterthur, Switzerland). A three-segment foot model
was used to describe three dimensional ankle, midfoot and one dimensional hallux kinematics during the stance
sub-phases of contact, midstance and propulsion.
Results: Thongs resulted in increased ankle dorsiflexion during contact (by 10.9°, p; = 0.005 walk and by 8.1°,
p; = 0.005 jog); increased midfoot plantarflexion during midstance (by 5.0°, p; = 0.037 jog) and propulsion (by 6.7°,
p; = 0.044 walk and by 5.4°, p;= 0.020 jog); increased midfoot inversion during contact (by 3.8°, p;= 0.042 jog)
and reduced hallux dorsiflexion during walking 10% prior to heel strike (by 6.5°, p; = 0.005) at heel strike (by 4.9°,
p; = 0.031) and 10% post toe-off (by 10.7°, p; = 0.001).
Conclusions: Ankle dorsiflexion during the contact phase of walking and jogging, combined with reduced hallux
dorsiflexion during walking, suggests a mechanism to retain the thong during weight acceptance. Greater midfoot
plantarflexion throughout midstance while walking and throughout midstance and propulsion while jogging may
indicate a gripping action to sustain the thong during stance. While these compensations exist, the overall findings
suggest that foot motion whilst wearing thongs may be more replicable of barefoot motion than originally
thought.Background
Thongs (also known as flip-flops) are a common foot-
wear choice for Australian children [1]. They are typic-
ally constructed from a rubber template which is loosely
secured to the foot by a single V-shaped rubber strap
extending from between the first web space to the base
of the first and fifth metatarsals. Footwear is regarded as
necessary apparel for foot comfort and protection. Due
to their flexible and unrestrictive nature, thongs may be
preferable to other children’s footwear types, all of which
have been shown to alter natural foot function [2], since* Correspondence: bcha8278@uni.sydney.edu.au
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University of Sydney, Sydney, NSW 2006, Australia
Full list of author information is available at the end of the article
© 2013 Chard et al.; licensee BioMed Central L
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
106the ideal footwear for a child’s developing feet is believed
to be that which allows natural motion of the foot [3,4].
In support of this view are reports that, compared to ha-
bitually shod children, habitually unshod children have
stronger and healthier feet with less incidence of toe de-
formity [3].
Despite the possible advantage of thongs compared to
other footwear options for children, there is no evidence
that they are beneficial. Indeed, there are concerns that
thongs may be harmful. In a recent survey of 272 par-
ents of children, thongs were implicated by the parents
as contributing to 15% of forefoot and 22% of rearfoot
complaints [1]. Prolonged use of thongs has been linked
to heel pain [5] and shin-splints [6]. However, there ex-
ists no empirical evidence to explain the mechanisms fortd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
Figure 3-1 Images of the foot and leg with markers used for 
the definition of segments and their embedded axes.
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thong wearing on foot function in children. From studies
of adults, thongs have been found to result in increas-
ed ankle plantarflexion at heel contact, compared to
sneakers [7] and decreased plantar pressure at the
rearfoot, forefoot and hallux, compared with barefoot
[8]. Whilst the implications of these findings are unclear,
the cushioning effect of a thong indicated by the de-
creased pressure challenges the commonly held belief of
the need to claw the toes in order to maintain inter-
action between the barefoot and the thong. Other patho-
logical mechanisms that are concerning because of their
associations with symptoms in adults and may poten-
tially occur in children who wear thongs include; that of
plantar fasciitis with flattening of the longitudinal arch
[9]; and foot pronation and reduced hallux dorsiflexion
[10]; and medial tibial stress syndrome also known as
shin-splints with excessive foot pronation [11] and
rearfoot eversion [12]. However, there have been no
studies of the effects on foot function in children to sup-
port or refute any concerns or harm in wearing thongs.
To our knowledge, no quantitative evidence to support
or refute the benefits or disadvantages of children wear-
ing thongs has been reported in the literature. The aim
of this paper is to compare the kinematic effects of wear-
ing thongs on children’s feet with a barefoot control
condition during walking and jogging using three di-
mensional motion analyses. It is hypothesised that, com-
pared to barefoot, wearing thongs will see reduced
hallux motion, greater midfoot dorsiflexion and ankle
eversion.
Methods
Participants
Study participants were thirteen children (8 girls and 5
boys) between 8 and 13 years of age (mean age 10.3 ±
1.6 SD years) from the metropolitan area of Sydney
Australia who volunteered in response to publicly
displayed posters, press release and fourteen radio in-
terviews. Power analysis using data from a previous
footwear study [13] indicated that twelve participants
would be necessary to achieve a significant difference
with alpha set at 0.05 and power set at 0.8 with the ef-
fect size 0.62. This number is similar to Leardini et al’s
[14] protocol for measuring multi segment foot mo-
tion, which found meaningful differences with ten
participants.
Inclusion criteria stipulated healthy children free of
known foot deformity, and not requiring medical con-
sultation for foot or leg pathology in the preceding
six months, Beighton Score less than 5/9 to exclude
hypermobile children [15] and a foot posture index (FPI)
within 2 SD of normal to exclude excessively pronated
and supinated foot types [16]. The University of Sydney107Human Ethics Committee granted ethics approval for
this study and a parent/carer of each participant gave
written consent together with the child’s informed verbal
assent prior to participation.
Model, segment and joint angle definitions
Shank and rearfoot segments were defined using 3, 12
mm diameter, non-collinear reflective markers per seg-
ment (Figure 1). Motion of the shank was determined
using markers placed on areas of minimal soft tissue
movement at the proximal, distal and lateral shank. Mo-
tion of the rearfoot was determined using a detachable
wand triad marker previously shown to be valid and reli-
able [17]. It consisted of an array of three markers
mounted onto a rigid shaft that attached to the calca-
neus via a flexible metal stirrup. The stirrup provided a
large contact area around the calcaneus and was secured
using double sided adhesive tape and strapping tape.
Motion of the forefoot was determined with markers lo-
cated at the navicular, first and fifth metatarsal heads.
The first metatarsal segment was defined by the line
from the navicular to first metatarsal head and the
hallux segment by the line from the first metatarsal head
to the marker located dorsal to first distal phalanx.
The two joints of the rearfoot (talocrural and subtalar)
were considered as a single universal joint with its centre
located at the midpoint between the markers on the
Figure 3-2 Example simple non-contoured thongs.
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and Y axes had their origin in line with the navicular 
marker and the Z axis in line with the rearfoot joint 
centre. The axis system origin for the shank segment 
was midway between the medial and lateral femoral con-
dyles. All segment X axes were initially aligned with the 
laboratory -Z axis (down), segment Y axis pointing an-
teriorly (X axis of laboratory) and the segment Z axis 
pointing to the right of the participant (-Y axis of the la-
boratory). For the shank segment the X axis was subse-
quently aligned with the rearfoot joint centre.
The three degrees of freedom ankle joint angle was de-
scribed using the joint coordinate system according to 
International Society of Biomechanics (ISB) recommen-
dations [18]. The midfoot angle describing the angular 
relationship between the forefoot and the rearfoot used 
a similar joint coordinate system as that for the ankle. 
That is, the midfoot plantarflexion/dorsiflexion axis was 
the Z-axis of the rearfoot, the midfoot abduction/adduc-
tion axis was the X-axis of the forefoot and the inver-
sion/eversion axis of the midfoot was the cross product 
between the Z-axis of the rearfoot and the X-axis of the 
forefoot.
Experimental approach
Study participant characteristics were recorded (Table 1) 
and reflective markers applied prior to a standardised 
foot reference position being recorded. Participants 
practised walking and jogging along the seven metre 
walkway at a self-selected pace while visually attending 
to a distant line bisecting the lab to maintain direction 
and avoid targeting of the force plate. Participants then 
conducted five walking trials and five jogging trials in a 
straight line while barefoot, or while wearing simple, 
non-contoured thongs (Figure 2). The test order of bare-
foot and a thong condition was randomised between 
participants.
Equipment
Video data were recorded at 200 Hz using a 14 camera 
motion analysis system (Cortex Version 1.1, MotionVariable Mean or count Range
Gender, male:female 5:8 NA
Age, years (SD) 10.3(1.6) 8 - 13
Height, m (SD) 1.4 (0.1) 1.2 - 1.6
Body mass, kg (SD) 34.0 (8.2) 21.6 - 47.8
Beighton Score (SD) 2.7 (1.6) 0-4
Foot Posture Index, score (SD) 6 (0.1) 2 - 9
Dominant leg, right (%) 12 (92) NA
Thong size 35/36 31/32 – 39/40
Table 3-1 Study participant characteristics (n = 13)
108Analysis Corporation, Santa Rosa, USA). The initial
right foot ground reaction force was measured using a
force platform (Model 9281B, Kistler, Winterthur,
Switzerland). Calibration of all fourteen cameras was
completed prior to each session of data collection.
Residual error for the motion analysis system, re-
presenting the accuracy with which the system could
reconstruct marker location within the captured vol-
ume, was <0.5mm across all testing sessions.
Data processing
All trials were truncated at 20% prior to heel-strike of
the right foot and at 20% after the right foot toe-off and
time normalised to the right foot’s stance phase. In ac-
cordance with previous literature, the kinematic data
were smoothed at 5 Hz [19] for walking and 20 Hz [20]
for jogging. Relative angles were calculated using
KinTrak software (University of Calgary, Canada). The
timing of heel contact and toe-off events was es-
tablished from the vertical ground reaction force. For
each participant and condition the mean of five trials
was calculated. The ensemble mean and 95% confidence
intervals across participants were computed. The confi-
dence intervals were used to determine whether dif-
ferences were significant between conditions for the
continuous data.
Four events were used to define the three stance sub-
phases: foot contact (heel contact to foot flat), mid-
stance (foot flat to heel rise) and propulsion (heel rise to
toe off ). Foot flat and heel rise events were defined
within stance phase using the minimum of the poster-
iorly directed and the zero-crossing of the anterior-
posterior ground reaction force respectively.
Statistical analysis
For the primary discrete variable of the footwear condi-
tion thong to barefoot, a two by five nested repeated
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http://www.jfootankleres.com/content/6/1/8measures analysis of variance was used (SPSS Version
19, IBM SPS Inc, USA). Bonferoni adjustments to condi-
tion and gait were applied to test significant differences
between footwear conditions and gaits walking and jog-
ging over five trials. The threshold of p < 0.05 was set to
determine the significance of range of motion value and
mean difference.
Results
Participants
Mean age, height, mass, Beighton Score, FPI, dominant
leg and thong size for the participants are presented in
Table 1. On average, during walking in barefoot and
thong conditions, foot-flat occurred at 13 and 14 percent
of stance and heel-rise at 54 and 53 percent of stance re-
spectively. During jogging, barefoot and in thong condi-
tions, foot-flat occurred at 20 and 22 percent of stance
and heel-rise at 44 and 44 percent of stance respectively.
Participant barefoot and thong ankle, midfoot and hallux
range of motion (ROM) and walking and jogging vel-
ocity are shown in Table 2.
Kinematics
Walking
At heel strike the ankle was 10.4°, (p; = 0.010, 95% CI
[2.02, 18.73]) more dorsiflexed in the thong condition
when compared to barefoot (Figure 3) and remained
more dorsiflexed by 10.9°, (p; = 0.005, 95% CI [−4.04,
17.75]) throughout the contact phase (Figure 3). Over
the entire stance phase, the ankle averaged greater dorsi-
flexion in the thong condition, although this difference
was not significantly different at 5.3°, (p; = 0.122, 95% CI
[−1.66, 12.32]). Ankle frontal and transverse plane mo-
tion in the thong condition closely followed that of bare-
foot throughout the stance phase.
The pattern of midfoot sagittal plane motion (Figure 4)
was similar between barefoot and thong conditions,Table 3.2 Mean, p value and 95% confidence interval for the 
of motion and velocity over the stance phase for barefoot an
Walk
Variable Barefoot Thong
Angle (°) SD Angle (°) SD p;<0.05
Ankle sagittal 22.4 5.4 20.7 7.9 0.386 −2
Ankle frontal 11.6 2.5 11.1 2.1 0.580 −1.
Ankle transverse 12.1 3.6 12.6 4.3 0.688 −2
Midfoot sagittal 21.8 6.1 21.2 6.1 0.701 −2
Midfoot frontal 7.0 1.4 7.4 4.0 0.656 −2
Midfoot transverse 7.5 3.2 8.4 3.2 0.099 −1.
Hallux sagittal 30.4 7.6 25.3 6.5 0.80 −1
Mean velocity (ms-2) 1.4 0.2 1.4 0.2 0.079 −1
* indicates a significant difference compared to barefoot when p < 0.05.
109although the thong condition demonstrated a trend to-
wards increased plantarflexion throughout stance by
6.5°, (p; = 0.055, 95% CI [−0.156, 13.3]) (Table 3). Al-
though not significant the following two observations
were noted. During the contact phase, when thongs
were worn, the midfoot was more plantarflexed by 5.4°
(p; = 0.090, 95% CI [−1.00, 11.9]) than when barefoot.
During mid-stance, the midfoot was more plantarflexed
by 6.6°, (p; = 0.052, 95% CI [−0.065, 13.3]) when thongs
were worn. The midfoot was more plantarflexed when
thongs were worn during the propulsive phase by 6.7°,
(p; = 0.044, 95% CI [0.205, 13.3]) (Table 3). Midfoot
frontal and transverse plane motion in the thong condi-
tion showed no difference to barefoot through the
stance phase (Table 3).
Hallux sagittal plane position in the thong condition
was less dorsiflexed prior to heel strike at −10% of
stance by 6.5°, (p; = 0.005, 95% CI [3.76, 7.67]) at heel
strike by 4.9°, (p; = 0.031, 95% CI [3.68, 7.78]) and at
110% of stance by 10.7°, (p; = 0.001 95%CI [3.49, 17.93])
(Figure 5).
Jogging
Greater ankle dorsiflexion occurred in the thong condi-
tion at heel-strike by 10.2°, (p; = 0.003, 95% CI [2.25,
17.74]) and following toe-off at 110% of stance by 5.8°,
(p; = 0.016, 95%CI [4.69, 6.09]) (Figure 6). Over the en-
tire stance phase, ankle sagittal plane motion when
thongs were worn was similar in pattern to barefoot jog-
ging. This occurred despite a trend towards greater
dorsiflexion throughout stance when thongs were worn
4.4°, (p; = 0.070 95%CI [−0.416, 9.23]) (Table 3). No dif-
ference was seen for ankle frontal plane or transverse
plane motions when thongs were worn (Table 3).
The midfoot was more plantarflexed during the thong
condition in the sagittal plane during midstance by 5.0°,
(p; = 0.037, 95% CI [0.37, 9.73]) and propulsion by 5.4°,difference between the means for the joint range 
d thong while walking and jogging
Jog
Barefoot Thong
95% CI Angle (°) SD Angle (°) SD p;<0.05 95% CI
.39, 5.76 28.2 5.4 25.8 5.8 0.085 −0.383, 5.18
59, 0.940 12.8 3.2 12.5 2.5 0.626 −1.03, 1.64
.78, 1.90 10.1 3.6 9.3 3.2 0.162 −0.376, 2.01
.69, 3.87 25.0 5.0 22.9 3.2 0.116 −0.589, 4.69
.51, 1.64 6.7 3.2 6.0 2.2 0.452 −1.34, 2.82
90, 0.186 5.9 1.8 5.2 1.8 0.327 −0.794, 2.20
.42, 5.29 25.0 7.6 22.3 6.1 0.170 −1.30, 6.56
.24, 1.56 2.5 0.2 2.5 0.2 0.520 −2.34, 2.66
Figure 3-3 Sagittal plane ankle motion in walking gait. Mean 
joint angles for barefoot (red) including 95% confidence intervals 
(red shading) and thong (blue dashed) including 95% confidence 
intervals (blue shading), including 20% before and 20% after stance 
(y-axis), while walking. Events foot-flat and heel-rise represented by 
the vertical red (barefoot) and blue (thong) dashed lines.
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http://www.jfootankleres.com/content/6/1/8(p; = 0.020, 95% CI [1.01, 9.84]) (Table 3) (Figure 7). The
midfoot mean plantarflexion angle was greater by 4.6°
(p; = 0.051, 95% CI [−0.031, 9.17]) over the entire stance
phase when thongs were worn but not significantly so
(Table 3). The midfoot was more inverted during the
contact phase by 3.8°, (p; = 0.042, 95% CI [0.15, 7.40])
(Figure 8) (Table 3) and at toe-off by 4.6°, (p; = 0.008,
95% CI [3.44, 5.65]). Midfoot transverse plane motion in
the thong condition showed no difference to barefoot
throughout the stance phase (Table 3).
Hallux sagittal plane motion was unaffected by thongs
while jogging.
Discussion
The purpose of this study was to examine the effects of
wearing thongs on selected foot kinematics while chil-
dren were walking and jogging using the barefoot condi-
tion as a baseline. Children adapted to wearing thongs
with altered ankle kinematics during the contact phase
while walking and jogging and midfoot adaptations dur-
ing midstance while jogging. Hallux adaptations were
observed while walking prior to and during weight ac-
ceptance and after toe off. Overall ankle, midfoot andFigure 3-4 Sagittal plane midfoot motion in walking gait. 
Mean joint angles for barefoot (red) including 95% confidence 
intervals (red shading) and thong (blue dashed) including 95% 
confidence intervals (blue shading), including 20% before and 20% 
after stance (y-axis), while walking. Events foot-flat and heel-rise 
represented by the vertical red (barefoot) and blue (thong) dashed 
lines.
110hallux range of motion was unaffected while wearing
thongs compared to barefoot.
Self-selected barefoot walking velocity (Table 2) in the
present study is consistent with previous studies [21,22].
Thongs had a minimal effect on barefoot walking and
jogging velocities. Barefoot walking joint angle ROM
(Table 2), in the current study are consistent with previ-
ously reported literature for those papers that used the
relative angle of the shank to the rearfoot to describe sa-
gittal plane ankle ROM in children [22]. Since children’s
gait is considered to be mature by age four [23] and foot
mechanics mature by age five [24], comparisons can be
drawn between the current study and adult studies using
the same joint definition models. Consistencies were
identified between the current data and adult ankle ROM
in the sagittal [19,25,26], frontal [19,25] and transverse
planes [19,25] and the midfoot ROM in the sagittal
[19,25] and frontal planes [19].
Only small differences were seen when children wore
thongs compared to barefoot for the tested foot model.
The overall pattern and range of joint angle motion for
ankle, midfoot and hallux kinematics were comparable
between barefoot and thong conditions during both
walking and jogging (Table 2). Barefoot kinematics
were altered when thongs were worn throughout vari-
ous phases of the gait cycle, with these changes mainly
occurring in the sagittal plane (Table 3). Participants
wearing thongs exhibited more ankle dorsiflexion
throughout the contact phase while walking together
with midfoot inversion while jogging, more midfoot
plantarflexion during midstance while jogging, more
midfoot plantarflexion while walking and jogging dur-
ing the propulsive phase (Table 3) and hallux dorsiflex-
ion was reduced prior to and post stance phase while
walking (Figure 5).
Ankle and midfoot adaptations occurred during the
contact and midstance phases while wearing thongs
compared to barefoot. Significant ankle dorsiflexion dur-
ing walking (Figure 3) and jogging (Figure 6) combined
with midfoot inversion during jogging (Figure 8) prior to
and during the contact phase may be a compensatory
mechanism necessary to retain thongs on the foot. This
increased dorsiflexed and inverted position through
loading may have implications for the tibialis anterior
muscle, which has been shown through eccentric con-
traction to be a primary resistor of foot plantarflexion
and rearfoot eversion during the first 10% of the stance
phase [27]. Previously reported evidence of increased
foot plantarflexion seen when wearing thongs compared
to shod conditions [7] cannot be directly compared to
the current study given their use of a two dimensional
single segment foot model in which markers were placed
on the outer surface of participants pre-worn shoes, and
motion of the rearfoot segment were not measured.
Table 3.3 Mean, p value and 95% confidence interval for the difference between the angle means over the stance 
phase for barefoot and thong while walking and jogging
WALK JOG
Phase Joint Plane Barefoot Thong p;<0.05 95% CI Barefoot Thong p;<0.05 95% CI
Contact Ankle Sagittal 1.1(8.3) 12.0(12.2) 0.005* −17.8, -4.04 13.0(7.6) 21.1(10.4) 0.005* −13.2, -2.98
Frontal −7.5(3.6) −10.0(5.8) 0.694 −3.23, 2.25, −4.7(4.3) −3.6(4.7) 0.31 −3.30, 1.14
Transverse 1.6(4.7) 1.7(3.2) 0.957 −3.15, 3.00 3.6(5.0) 1.4(5.8) 0.194 −1.30, 5.77
Midfoot Sagittal −3.8(6.5) −9.2(12.2) 0.090 −1.00, 11.9 −3.5(6.5) −6.6(11.9) 0.203 −1.92, 8.13
Frontal 2.0 (2.9) 0.6 (5.0) 0.181 −0.750, 3.55 1.2(3.6) −2.6(6.5 0.042* 0.15, 7.40
Transverse −3.6(3.6) 1.0(4.0) 0.441 −5.21, 2.42 −0.8(4.3) 2.2(4.3) 0.075 −6.30, 0.35
Hallux Sagittal 6.2(4.3) 3.7(5.4) 0.203 −1.57, 6.65 4.3(4.7) 3.3(6.5) 0.694 −4.41, 6.41
Midstance Ankle Sagittal 7.6(5.8) 12.6(10.4) 0.124 −11.44, 1.56 20.3(5.4) 24.4(9.0) 0.099 −9.02, 0.88
Frontal −3.8(3.6) −4.2(4.7) 0.672 −1.47, 2.20 0.3(4.7) 1.0(4.7) 0.492 −2.94, 1.50
Transverse 4.1(4.3) 2.5(4.0) 0.315 −1.74, 4.96 6.4(5.8) 3.4(5.8) 0.069 −0.28, 6.40
Midfoot Sagittal −0.8(6.1) −7.4(12.6) 0.052 −0.065, 13.3 2.9(7.2) −2.2(12.6) 0.037* 0.370, 9.73
Frontal 3.6 (1.8) 2.2 (5.0) 0.231 −1.02, 3.83 2.0(4.3) −0.5(6.1) 0.140 −0.908, 5.71
Transverse 0.5(3.2) 1.9(4.7) 0.421 −5.21, 2.33 0.1(4.7) 2.8(4.0) 0.085 −5.82, 0.435
Hallux Sagittal 1.1(2.9) 1.2(4.7) 0.926 −2.99, 2.74 −0.3(3.2) 0.4(4.7) 0.664 −4.26, 2.81
Propulsive Ankle Sagittal 12.4(8.3) 16.4(11.5) 0.282 −3.74, 11.8 18.0(6.5) 21.0(10.4) 0.242 −8.12, 2.27
Frontal −6.8(5.0) −6.8(5.0) 0.552 −1.44, 2.56 −3.6(4.3) −3.0(4.7) 0.536 −2.68, 1.47
Transverse 0.1(5.4) −1.3(4.3) 0.383 −1.97, 4.78 3.6(5.8) 0.8(6.1) 0.098 −0.591, 6.09
Midfoot Sagittal −3.4(7.2) −10.1(12.6) 0.044* 0.205, 13.3 −2.1(7.9) −7.5(11.9) 0.020* −9.84, -1.01
Frontal 2.5(1.8) 1.9(4.7) 0.645 −2.07, 3.18 1.8(4.0) −0.3(5.4) 0.153 −0.908, 5.13
Transverse −0.7(3.2) 0.5(4.7) 0.524 −5.00, 2.69 −0.7(4.3) 1.7(3.6) 0.107 −5.37, 0.594
Hallux Sagittal 7.0(4.3) 6.0(6.8) 0.675 −3.89, 5.81 7.6(5.4) 5.4(4.3) 0.249 −1.77, 6.30
Stance Ankle Sagittal 9.1(6.8) 14.4(8.3) 0.122 −12.32, 1.66 17.6(6.1) 22.0(9.7) 0.070 −9.23, 0.416
Frontal −5.5(4.0) −5.8(5.0) 0.775 −1.68, 2.19 −2.8(4.3) −2.0(4.3) 0.426 −2.86, 1.29
Transverse 1.9(4.7) 0.7(4.0) 0.444 −2.11, 4.52 4.3(5.8) 1.7(5.8) 0.120 −0.798, 6.06
Midfoot Sagittal −2.5(6.5) −9.0 (13.0) 0.055 −0.156, 13.3 −1.1(7.2) −5.6(11.9) 0.051 −0.31, 9.17
Frontal 2.8(2.2) 1.7(4.7) 0.362 −1.37, 3.48 1.7(4.0) −0.9(5.8) 0.102 −0.596, 5.78
Transverse −0.2(3.2) 1.2(4.3) 0.435 −5.20, 2.39 −0.5(3.6) 2.2(4.0) 0.084 −5.65, 0.409
Hallux Sagittal 1.1(2.9) 1.2(4.3) 0.926 −2.99, 2.74 4.9(4.3) 3.5(3.2) 0.384 −2.08, 5.08
* indicates a significant difference compared to barefoot when p < 0.05.
Mean joint angles for ankle and midfoot sagittal, frontal and transverse planes and hallux sagittal plan during stance. Positive value indicates dorsiflexion, eversion
and abduction; negative values indicate plantarflexion, inversion and adduction.
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http://www.jfootankleres.com/content/6/1/8An action to grip thongs may be present during
midstance and in particular during propulsion with
greater midfoot plantarflexion while walking (Figure 4)
and to a greater extent while jogging (Figure 7). The
midfoot was more plantarflexed during midstance phase
while walking and more plantarflexed during the propul-
sive phase of walking and jogging (Table 3).
Anecdotally, clinicians have believed it necessary to
claw one’s toes to maintain thongs. This popular belief
has been found lacking with hallux plantar pressure
measures reduced when wearing thongs [8]. The present
study confirms this outcome during the stance phase
with hallux angular displacement remaining unchanged111(Table 2) between conditions while walking (Figure 5) or
jogging.
Reduced hallux dorsiflexion immediately prior-to and
at heel strike while walking may indicate an action to
grip and lever the thong to make contact with the heel
in preparation for weight acceptance at heel strike
(Figure 5). This adaptation may disrupt tensioning of the
plantaraponeurosis with preload, thought to be import-
ant for midfoot stability in preparation for load accept-
ance [28] and increase demand of other midfoot
stabilising structures including plantar intrinsic foot
muscles [29,30]. Reduced hallux dorsiflexion seen at 110%
of stance following toe-off while walking (Figure 5) has
Figure 3-7 Sagittal plane midfoot motion in jogging gait. 
Mean joint angles for barefoot (red) including 95% confidence 
intervals (red shading) and thong (blue dashed) including 95% 
confidence intervals (blue shading), including 20% before and 20% 
after stance (y-axis), while jogging. Events foot-flat and heel-rise 
represented by the vertical red (barefoot) and blue (thong) dashed 
lines.
Figure 3-5 Sagittal plane hallux motion in walking gait. Mean 
joint angles for barefoot (red) including 95% confidence intervals 
(red shading) and thong (blue dashed) including 95% confidence 
intervals (blue shading), including 20% before and 20% after stance 
(y-axis), while walking. Events foot-flat and heel-rise represented by 
the vertical red (barefoot) and blue (thong) dashed lines.
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http://www.jfootankleres.com/content/6/1/8implications for hallux clawing during the swing phase of
the gait cycle reducing ground clearance, known to be re-
lated to trips and falls [31] and thought to be a protective
antalgic response of the symptomatic foot [10].
There were a number of limitations to the current study.
Firstly, the inclusion criterion was restrictive. This limits
the extent to which the findings can be generalized, and
cannot be applied to those children with excessively flat or
highly arched feet. Further research is required to substan-
tiate the current findings. Our study considered the in-
fluence of thongs on children’s kinematics in the
immediate time after the thongs were put on and
prior wear of thongs was not controlled for. Children
were not separated into groups of habitual or infre-
quent wearers of thongs which may have an effect on
condition familiarity and the individual methods to
secure the thong. Future studies should include side-
stepping tasks and should examine the inverse dy-
namics during prolonged wearing of thongs to better
understand pathological implications of the processes
necessary to maintain thongs and their effect.Figure 3-6 Sagittal plane ankle motion in jogging gait. Mean 
joint angles for barefoot (red) including 95% confidence intervals 
(red shading) and thong (blue dashed) including 95% confidence 
intervals (blue shading), including 20% before and 20% after stance 
(y-axis), while jogging. Events foot-flat and heel-rise represented by 
the vertical red (barefoot) and blue (thong) dashed lines.
112Conclusions
Thongs had a minimal effect on walking and jogging at
self-selected speed. The adaptations seen in this study
may be necessary to maintain contact between the thong
and the foot. In particular, increased contact phase ankle
dorsiflexion, during walking and jogging with reduced hal-
lux dorsiflexion during walking suggests a need to retain
the thong during weight acceptance. Greater midfoot
plantarflexion during midstance while jogging and propul-
sion while walking and jogging suggests a gripping action
to retain the thong during stance. Reduced hallux dorsi-
flexion after toe-off during walking indicates a gripping ac-
tion may be necessary during early swing. These
adaptations may result in muscle overuse syndromes for
rearfoot dorsiflexors and midfoot plantarflexors with
prolonged thong wear, however further evidence is re-
quired to explore these areas. While differences were sta-
tistically significant, clinical importance is yet to be
determined and so, overall, foot motion whilst wearing
thongs may be more replicable of barefoot motion than
originally thought.Figure 3-8 Frontal plane midfoot motion in jogging gait. Mean 
joint angles for barefoot (red) including 95% confidence intervals 
(red shading) and thong (blue dashed) including 95% confidence 
intervals (blue shading), including 20% before and 20% after stance 
(y-axis), while jogging. Events foot-flat and heel-rise represented by 
the vertical red (barefoot) and blue (thong) dashed lines.
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4.1 Abstract 
Background: Thongs and supportive shoes have been shown to alter children’s barefoot 
motion while jogging. However, the effects of thongs on other daily activities, such as 
sidestepping, are unknown. This study evaluated the effects of thong-style flip-flops and 
supportive shoes on children’s lower limb motion during a sidestep task compared to barefoot. 
Methods: Eleven healthy children with no foot deformity (aged 8 to 12 years) were recruited. 
Kinematic and synchronous ground reaction force data were recorded at 200 Hz using a 14-
camera motion analysis system and force platform. Three-dimensional hip, knee, ankle and 
midfoot, as well as sagittal-plane first metatarsal phalangeal joint angles, were calculated for 
the stance phase and the sub-phases of contact, mid-stance and propulsion. 
Results: Barefoot motions were altered over the stance phase during the sidestep when thongs 
were worn, resulting in reduced ankle transvers plan motion by 2.0°, p = 0.032 (22%). 
Supportive shoes reduced midfoot sagittal-plane motion by 13.1°, p = < 0.0001* (45%) and 
midfoot frontal plane motion by 3.2°, p = 0.003 (32%). Both thongs and supportive shoes 
reduced hallux motion by 5°, p = 0.048 (21%) and 10.4°, p = 0.002 (44%), respectively. 
Conclusion: Thongs had less effect on children’s barefoot sidestep motion than did supportive 
shoes. Anecdotal evidence that thongs carry a greater risk of injury than other shoes is not 
supported by the kinematic results reported in this study. 
KEYWORDS: cutting, gait, biomechanics, footwear, multi-segment, foot model 
4.2 Background 
Thongs may be preferable to other children’s footwear types, such as supportive shoes, as the 
ideal footwear for a child’s developing feet is believed to be that which allows natural motion 
(Echarri & Forriol 2003; Kadambande et al. 2006; Sachithanandam & Joseph 1995; Thompson 
& Zipfel 2005; Walther et al. 2008; Zipfel & Berger 2007). While enclosed footwear is 
regarded as necessary apparel for foot comfort and protection, it has been demonstrated to alter 
children’s barefoot jogging motions during propulsion, with increased ankle motion and 
decreased midfoot and hallux motion (Wegener et al. 2015). This splinting effect of the forefoot 
and midfoot (Wolf, Simon et al. 2008) may influence arch development (Echarri & Forriol 
2003). 
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Thongs are the preferred footwear of Australian children (Penkala 2009). Previous 
investigations have shown that thongs alter children’s barefoot jogging kinematics (Chard et 
al. 2013). This study reported increased ankle dorsiflexion and midfoot inversion during 
contact and increased midfoot plantarflexion during mid-stance and propulsion, indicating a 
retention effect at the ankle and gripping effect of the midfoot and hallux. These findings 
suggest that children’s foot motion while jogging in thongs is a closer replication of barefoot 
motion than supportive shoes. Despite this, widespread anecdotal clinical opinion persists in 
reporting on the harmful effects of thongs due to their unsupportive and loose-fitting design. 
Thongs have been broadly implicated in the development of up to 22 per cent of children’s 
rearfoot and 15 per cent of children’s forefoot injuries during play (Penkala 2009). Despite the 
reportedly high incidence of injury and anecdotal clinical opinion concerning the negative 
implications of wearing thongs, the mechanism by which thongs are proposed to cause injury 
remains unknown. 
Evasion with directional change or sidestepping is typical of children’s behaviour and play and 
has been linked to ankle injuries (Spinks et al. 2006). This represents 18 per cent of injuries 
incurred by children during organised sporting activity (Taylor & Attia 2000). The ankle is the 
second most frequently injured joint after the knee during directional changing sports (Fong et 
al. 2007). The most common ankle injuries involve lateral ankle sprain, in which the typical 
mechanism of injury involves extreme inversion and plantar flexion (Lundberg et al. 1989). 
Studies in the literature have focused on sidestepping in adult populations. Specific attention 
has paid to the potential mechanisms of injury around the knee joint after studies reported that 
the loads experienced by the knee joint during sidestepping were up to five times greater than 
the loads experienced during running (Besier et al. 2001). 
The asymmetrical nature of the sidestepping task results in significant changes to lower limb 
kinematics compared to straight-line jogging. These were recently reported in a population of 
children in both barefoot and shod conditions (Smith et al. 2013). Sidestepping during the 
barefoot condition resulted in greater hip abduction and reduced motion for the ankle, midfoot 
and first MTP joints in the sagittal plane compared to barefoot straight-line jogging. The 
supportive shoe condition acted to further reduce midfoot sagittal-plane range of motion and 
midfoot inversion during the stance phase of the sidestepping task compared to the barefoot 
condition. Aside from the aforementioned study, there are no studies examining the changes in 
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the kinematics of the lower limb during sidestepping in children and no consideration of the 
effects that the changes in footwear types may have on the completion of this task. 
Therefore, the aim of this study was to examine the effect of wearing thong-style flip-flops and 
supportive shoes on healthy children’s hip, knee, ankle, midfoot and first MTP joint kinematics 
during a sidestepping task. A barefoot condition will also be undertaken and used as the 
reference condition, as this enables the examination of the sidestepping task in which 
foot motion is unrestricted. We hypothesised that, due to the unrestrictive nature of thongs, 
there will be fewer kinematic differences between the barefoot and thong conditions 
during the sidestepping task than are observed between the supportive shoes and barefoot 
conditions for the same movement.  
4.3 Methods 
4.3.1 Participants 
Study participants were 11 healthy children (seven girls and four boys) between 8 and 13 years 
of age, recruited from the metropolitan area of Sydney, Australia. Participant characteristics 
are presented in Table 4-1. The sample size was determined following a priori power analysis 
of a previous footwear study measuring multi-segment foot motion (Leardini et al. 2007). The 
power analysis determined that a minimum of 10 participants would be necessary to observe 
statistically significant differences between groups in midfoot sagittal-plane range of motion 
during propulsion, with alpha set at 0.05, power set at 0.8 and an effect size of 0.62. Inclusion 
criteria stipulated healthy children, free of any known foot deformity and not requiring medical 
consultation for foot or leg pathology in the preceding six months, Beighton score lower than 
5/9 to exclude hypermobile children (Van Der Giessen et al. 2001) and a FPI within 2 SD of 
normal to exclude excessively pronated and supinated foot types (Redmond et al. 2008). The 
University of Sydney Human Ethics Committee granted ethics approval for this study and a 
parent/carer of each participant provided written consent, together with the child’s informed 
verbal assent, prior to participation. 
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Table 4-1 Study participant characteristics (n = 11) 
Mean (SD) Range 
   Gender, male/female  4:7 NA 
   Age, years  10.6 (1.4) 8–13 
Height, m   1.4 (0.1) 1.3–1.6 
   Body mass, kg  35.4 (8.0) 23.5–47.8 
   Beighton score  2.5 (1.6) 0–4 
FPI, score  6 (2) 1–8 
   Dominant leg, right (%) 11 (100) NA 
Thong size 31/32–39/40 
   Supportive shoe size 32.5E–37E 
4.3.2 Model marker placement 
Pelvis, thigh, shank and rearfoot segments were defined using three, 12-mm diameter, non-
collinear reflective markers per segment, as previously described (Chard et al. 2013) and shown 
in Figure 4–1. Motion of the rearfoot was determined using a detachable wand triad marker 
fixed to the posterior calcaneous (Chard et al. 2013), which consisted of three markers mounted 
onto a rigid shaft attached to the calcaneus using a flexible metal stirrup, which has previously 
been shown to be valid and reliable (O’Meara et al. 2007b; Rattanaprasert et al. 1999). Motion 
of the forefoot was determined with markers located at the navicular (Wrbaskic & Dowling 
2007), first and fifth metatarsal heads. Sagittal-plane motion of the first MTP joint was 
determined by the distal hallux segment in relation to the proximal first metatarsal segment, 
with the axis located at the first metatarsal head marker. For the supportive shoe trials, the 
removable wand triad stalk passed through a 16-mm diameter window located in the shoe heel 
counter. Navicular, first and fifth metatarsal head and dorsal hallux markers were fixed using 
strong, self-centring magnets affixed to magnetic bases that were firmly adhered to the skin 
through 16 mm windows created in the shoe upper. Larger windows created in the shoe upper 
between 17 mm and 25 mm have been demonstrated to not adversely affect the integrity of 
adults’ shoes (Shultz & Jenkyn 2012). Detachable self-centring rearfoot wand and magnetic 
clusters enabled timely removal and accurate replacement of markers between footwear 
conditions and the measurement of in-shoe motions. 
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Figure 4-1 Participant with markers applied to define segments and their embedded axis 
4.3.3 Segment and joint angle definitions 
Segment and joint angles were defined, as previously reported by Chard et al. (2013). The two 
joints of the rearfoot (talocrural and subtalar) were considered a single universal joint with its 
centre located at the midpoint between the markers on the medial and lateral malleolus. The 
ankle joint centre arises from a virtual marker located midway between the medial and lateral 
malleolar markers. The forefoot segment X and Y-axes had their origin in line with the 
navicular marker and the Z-axis origin in line with the rearfoot joint centre. The axis system 
origin for the shank segment was midway between the medial and lateral femoral condyles. All 
segment X-axes were initially aligned with the laboratory –Z-axis (down), segment Y-axis 
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pointing anteriorly (X-axis of laboratory) and the segment Z-axis pointing to the right of the 
participant (–Y-axis of the laboratory). The shank segment of the X-axis was subsequently 
aligned with the rearfoot joint centre. 
The three degrees of freedom hip, knee and ankle joint angles were described using the JCS 
according to ISB recommendations (Wu et al. 2002). The midfoot angle describes the angular 
relationship between the forefoot and the rearfoot used a similar JCS as that used for the ankle 
(see Figure 4-2). That is, the midfoot plantarflexion/dorsiflexion axis was the Z-axis of the 
rearfoot, the midfoot abduction/adduction axis was the X-axis of the forefoot and the 
inversion/eversion axis of the midfoot was the cross product between the Z-axis of the rearfoot 
and the X-axis of the forefoot. The first MTP joint angle describes the hallux 
plantarflexion/dorsiflexion relationship to the first metatarsal segment. 
Figure 4-2 Ankle JCS and corresponding LCS 
The ankle joint centre is located at a virtual marker (yellow) located midway between the medial (blue 
dashed) and lateral malleolar (blue) markers. Ankle joint motions of abduction/adduction occurred about the 
XJCS-axis, dorsiflexion/plantarflexion about the ZJCS-axis and inversion/eversion about the YJCS-axis. 
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4.3.4 Equipment 
A 14-camera motion analysis system (Cortex™ Version 1.1, Motion Analysis Corporation, 
Santa Rosa, US) captured motions at 200 Hz and a single force plate (Model 9281B, Kistler™, 
Winterthur, Switzerland) recorded ground reaction force data at 1,000 Hz. Calibration of all 14 
cameras was completed prior to each session of data collection. Residual error for the motion 
analysis system, representing the accuracy with which the system could reconstruct marker 
location within the captured volume, was < 0.5 mm across all testing sessions. 
4.3.5 Experimental procedure 
The movement pattern that was assessed was a sidestep cutting task. Children were instructed 
to use a five metre straight line approach to the landing area at a self-selected speed. All 
participants were required to land on the ground embedded and level force platform and 
sidestep cut off the right leg at a cutting angle of approximately 45° towards a designated 
marked location. Participants were allowed as many practice trials as necessary to become 
familiar with the procedures and testing environment. Once data collection commenced, 
participants were required to complete five successful trials (Greene et al. 2014). Participants 
performed this movement while barefoot, with a standard thong (see Figure 4-3a) (Havaianas) 
and supportive school shoe (see Figure 4-36b, Clarkes Detroit). The order of the conditions 
was randomised. 
a. b. 
Figure 4-3 Footwear conditions 
a. Simple non-contoured unrestrictive thong (Havaianas). b. Supportive shoe (Clarkes Detroit).
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Sidestep resultant velocity was calculated and three-dimensional relative angles were 
calculated according to the method reported in Chard et al. (2013). Mean sidestep velocity of 
participants were determined for the laboratory X and Y directions using the sacral markers 
displacement during weight acceptance, toe-off and the resultant velocities of stance. 
The mean and 95 per cent confidence intervals of five trials were calculated for each child. 
Next, the ensemble mean and 95 per cent confidence intervals across participants were 
computed. Four events were used to define stance and the three stance sub-phases of foot 
contact (heel contact to foot flat); mid-stance (foot flat to heel rise) and propulsion (heel rise to 
toe-off). The force platform was synchronised with the motion analysis system for the 
determination of gait phases. The stance phase event and sub-phases of contact, mid-stance and 
propulsion were calculated from threshold variables determined by the force platform 
(O'Meara et al. 2007a; O'Meara et al. 2007b; Wegener et al. 2013; Wegener et al. 2015). Heel 
contact marked the beginning of the stance phase and was set at the initial increase in vertical 
ground reaction force in the laboratory Z direction. Foot flat marked the beginning of mid-
stance and was determined at the time of maximum posterior force in the laboratory X direction 
of the first metatarsal head marker. Heel lift marked the beginning of the propulsive phase and 
was determined at the crossing of posterior to anterior force in the laboratory X direction. Toe-
off marked the end of the stance phase and was determined by the reduction of vertical ground 
reaction force to zero in the laboratory Z direction. Foot flat and heel rise events were defined 
within stance phase in which the posteriorly directed ground reaction force reached its greatest 
absolute magnitude.  
4.3.6 Data processing 
All trials were truncated at 20 per cent prior to heel strike of the right foot and at 20 per cent 
after the right foot toe-off and time normalised to the right foot’s stance phase. In accordance 
with previous literature, the kinematic data were smoothed at 20 Hz (Belli, Kyrolainen & Komi 
2002). Angles relative to the standing reference trial were calculated using KinTrak software 
(University of Calgary, Canada). The timing of heel contact and toe-off events was established 
from the vertical ground reaction force. For each participant and condition, the mean of five 
trials was calculated. The ensemble mean and 95 per cent confidence intervals across 
participants were computed. The confidence intervals were used to determine whether 
differences were significant between conditions for the continuous data. 
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4.3.7 Statistical analysis 
For the primary discrete variable of the footwear condition comparison of thong and supportive 
shoe to barefoot, a three-by-five nested repeated measures ANOVA was undertaken in SPSS 
22 (IBM SPSS Statistics for Windows, Armonk, NY, US). Bonferroni adjustments were 
applied when multiple comparisons were made between conditions. The threshold of p < 0.05 
was set to determine the significance of range of motion value and mean difference. 
4.4 Results 
4.4.1 Sidestep velocity 
Participant velocity during the sidestepping task while barefoot, during the thong condition and 
supportive shoe condition are presented in Table 4-2. Velocity is presented for the stance phase 
in the original direction of progression (X) and perpendicular to the original direction of 
progression (Y) together with their resultant velocity at heel contact (approach) and at toe-off 
(exit). 
4.4.2 Joint range of motion 
Results of mean joint range of motion for participants’ stance phase of gait during the simulated 
sidestep are presented in Table 4-3. Hip and knee joint range of motion was not significantly 
affected by the footwear condition. The thong condition resulted in a small, yet significant, 
reduction in ankle transverse plane range of motion (ROM) compared to the barefoot condition 
(7.09 ± 4.0° vs 9.08 ± 4.3°; p = 0.032, 95% CI [1.6, 3.8]). Midfoot ROM in the sagittal and 
frontal planes was significantly reduced in the supportive shoe compared to barefoot conditions 
(Sagittal: 15.75 ± 4.52° vs 28.85 ± 5.00°; p = 0.000, 95% CI [7.2, 19.0]; Frontal: 6.84 ± 2.77° 
vs 10.04 ± 2.55°; p = 0.003, 95% CI [1.2, 5.2]). No significant differences in midfoot ROM 
existed between thong and barefoot conditions. Both supportive shoes and thong conditions 
demonstrated significant reductions in the first MTP sagittal-plane ROM compared to the 
barefoot condition (SS: 13.11 ± 5.99° vs 23.47 ± 5.84°; p = 0.002, 95% CI [4.2, 16.5]; TH: 
18.46 ± 8.34° vs 23.47 ± 5.84°; p = 0.048, 95% CI [0.5, 10.1]).  
The kinematics of the joints of lower limbs are presented in Figure 4-3a–4-3e. In these figures, 
the sub-phases of contact, mid-stance and propulsion are defined by the vertical dotted lines at 
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foot flat and heel rise. Data has been analysed by the sub-phases below to investigate the 
compensations made in response to the specific demands of the phase. 
4.4.3 Contact phase 
At foot contact, the hip was significantly less adducted in the thong and supportive shoe 
condition compared to the barefoot condition (TH: -0.99 ± 5.52° vs 5.06 ± 5.82°; p = 0.002, 
95% CI [2.6, 9.7]; SS: -0.99 ± 4.72° v. 5.06 ± 5.82°; p = 0.032, 95% CI [0.4, 8.8]) (see Figure 
4-3a). The hip remained significantly more abducted in the thong condition during the contact 
phase compared to BF (TH: -1.71 ± 5.70° v. 3.76 ± 5.84°; p = 0.008, 95% CI [1.5, 9.4]). 
Ankle dorsiflexion at foot contact was significantly larger in the thong condition compared to 
BF (19.42 ± 16.61° vs 2.12 ± 13.29°; p = 0.044, 95% CI [-34.17, -0.43]). Ankle dorsiflexion 
remained elevated throughout contact. No significant difference was observed due to the large 
variability within the sample (see Figure 4-3b). 
The first MTP joint was significantly more dorsiflexed in the supportive shoe condition 
compared to barefoot at both foot contact (14.22 ± 3.70° v. 9.36 ± 3.70°; p = 0.02, 95% CI [-
8.9, -0.8]) and during the stance phase (13.47 ± 3.61° v. 5.06 ± 2.82°; p = 0.001, 95% CI [-
12.6, -4.2]). The same was true when comparing the supportive shoe and thong conditions at 
first contact (14.22 ± 3.70° v. 5.67 ±6.42°; p = 0.014, 95% CI [-15.4, -1.8]) and throughout the 
contact phase (13.47 ± 3.61° v. 3.96 ± 5.21°; p = 0.005, 95% CI [-15.9, -3.1]) (see Figure 4-
3e). Despite a trend towards reduced dorsiflexion in the thong condition, no significant 
differences were observed between the barefoot and thong condition. 
4.4.4 Mid-stance phase 
Despite the midfoot sagittal-plane ROM being significantly reduced in the supportive shoe 
condition, there was no significant difference in the maximum dorsiflexion angle (see Figure 
4-3c) during mid-stance between conditions, although there was a strong trend towards this. 
4.4.5 Propulsion phase 
The midfoot sagittal-plane ROM was significantly reduced in the supportive shoe condition 
compared to the barefoot (12.36 ± 5.86° vs 24.56 ± 1.17°; p = 0.000, 95% CI [7.8, 16.6]) and 
thong conditions (12.36 ± 5.86° vs 22.91 ± 4.70°; p = 0.002, 95% CI [4.5, 16.6]) (see Figure 
4-4c). A similar reduction in propulsive phase ROM was observed at the first MTP joint in the 
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sagittal plane (see Figure 4-4e). The supportive shoe condition significantly reduced the ROM 
compared to barefoot (9.87 ± 4.01° vs 19.63 ± 5.68°; p = 0.001, 95% CI [4.8, 14.8]). Both shoe 
conditions demonstrated reduced dorsiflexion at toe-off at the first MTP joint (see Figure 4-
4f). This was only significant for the thong condition compared to barefoot (17.39 ± 5.03° vs 
22.76 ± 6.61°; p = 0.009, 95% CI [1.4, 9.4]). 
 
 
Table 4-2 Sidestep X, Y and resultant velocity 
Variable Barefoot Thong  Supportive shoe 
Velocity 
(m/s) 
SD 
Velocity 
(m/s) 
SD p-value 
Velocity 
(m/s) 
SD p-value 
Approach X 2.17 2.69 2.16 1.96 0.980 2.27 2.22 0.095 
Approach Y 3.66 1.39 4.05 1.53 0.320 3.83 1.36 0.690 
Approach 
Resultant 2.20 
 
2.82 2.21 
 
2.09 0.932 
 
2.32 2.32 0.360 
Exit X 2.15 3.25 2.15 0.40 0.980 2.26 3.28 0.180 
Exit Y 1.20 1.82 1.33 2.02 0.460 1.28 1.82 0.560 
Exit 
Resultant 2.48 
 
0.23 2.56 
 
0.23 0.402 2.62 
 
0.24 0.850 
*Indicates significant difference of p < 0.05 compared to barefoot. 
Velocity in the original direction of progression (X) and perpendicular to the original direction of progression (Y) 
is reported for the approach to the stance phase of gait and upon exiting the stance phase of gait. The resultant of 
X and Y velocity is reported. 
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Table 4–3 Mean joint ROM during stance phase in three planes for barefoot, thong and 
supportive shoe while sidestepping 
Sidestep 
Variable Barefoot Thong Supportive shoe 
Angle (°) SD Angle (°) SD p-value Angle (°) SD p-value
Hip Sagittal 69.8 6.2 68.3 6.0 1.000 69.3 6.0 1.000 
Hip Frontal 6.2 5.1 2.5 5.0 0.104 5.0 5.1 1.000 
Hip Transverse 5.8 4.2 3.4 5.6 0.577 3.4 4.9 1.161 
Knee Sagittal 38.9 6.0 37.3 5.9 0.178 40.0 6.7 1.000 
Knee Frontal 6.7 4.0 6.6 4.1 1.000 7.8 4.2 0.333 
Knee Transverse 15.3 4.5 14.1 4.7 1.000 15.6 4.4 1.000 
Ankle Sagittal 30.8 5.1 28.5 4.5 0.670 32.9 5.1 1.000 
Ankle Frontal 10.8 4.0 9.6 3.8 0.586 10.5 3.8 1.000 
Ankle Transverse 9.1 4.3 7.1 4.0 0.032* 8.6 4.3 1.000 
Midfoot Sagittal 28.9 4.8 25.9 4.6 0.237 15.8 4.7 < 0.0001* 
Midfoot Frontal 10.0 4.1 8.8 4.2 0.556 6.8 4.1 0.003* 
Midfoot Transverse 2.2 5.1 2.2 6.4 1.000 4.4 6.4 0.974 
1st MPT Sagittal 23.5 5.1 18.5 5.8 0.048* 13.1 4.8 0.002* 
*Indicates significant difference of p < 0.05 compared to barefoot.
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Figure 4-4 Stance frontal plane hip motion in sidestepping gait including 20% before and 
20% after stance (Y-axis) 
Phase frontal plane hip motion in sidestepping gait including 20% before and 20% after stance (Y-axis). 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity.  
Figure 4-5 Stance phase frontal plane knee motion in sidestepping gait including 20% before 
and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line, supportive shoe condition is depicted by the green line. Events foot flat and heel 
rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity.  
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Figure 4-6 Stance phase sagittal-plane ankle motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity.  
Figure 4-7 Stance phase transverse plane ankle motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity. 
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Figure 4-8 Stance phase frontal plane ankle motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity. 
 
 
Figure 4-9 Stance phase sagittal-plane midfoot motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity. 
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Figure 4-10 Stance phase frontal plane midfoot motion in sidestepping gait including 20% 
before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity. 
 
Figure 4-11 Stance phase sagittal-plane 1st MTP joint motion in sidestepping gait including 
20% before and 20% after stance (Y-axis) 
Mean joint angles for barefoot (±SD) condition is shown as the red line and red shading. Thong condition is 
depicted by the blue line and supportive shoe condition is depicted by the green line. Events foot flat and 
heel rise represented by the vertical dashed lines. Standard deviations have not been included for thong or 
supportive shoe conditions for visual clarity. 
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4.5 Discussion 
The purpose of this study was to examine the effect of wearing thongs or supportive shoes on 
children’s foot and lower limb kinematics compared with barefoot during a sidestepping task. 
Barefoot joint motion at the hip, knee, ankle and midfoot joints in the current study (see Table 
4-6) were consistent with previously reported children’s sidestepping joint ranges of motion 
reported in the literature using the same joint definition model (Smith et al. 2013). 
The self-selected velocity of movement throughout the sidestepping task was consistent across 
all three footwear conditions (see Table 4-5), which indicates that kinematic adaptations of 
joints during the sidestepping task are likely to be the result of the footwear conditions, rather 
than a change in movement performance. Although the task performance was relatively 
consistent between the three conditions in the current study, adaptations in the sidestepping 
task performance were observed for both footwear conditions. 
The directional change that occurs during the sidestep manoeuvre requires children to alter 
their posture with a shift in centre of mass in the medio-lateral direction, which has been 
described to occur due to increased stance phase hip abduction (Smith et al. 2013). When 
compared to barefoot, both shoe conditions resulted in significant reductions in hip adduction 
at foot contact (see Figure 4–3) and this was maintained during the contact phase in the thong 
condition. From these observations, it could be suggested that in the thong and supportive shoe 
conditions, participants altered the sidestep technique by which they completed that landing in 
a more neutral position, before commencing the medio-lateral component on the movement. In 
the thong condition, this more neutral position appears to have been maintained for a longer 
period, perhaps due to the loose fitting and less supportive nature of the thong footwear. 
Increased ankle inversion angles during sidestepping have been previously reported (Kerr et 
al. 2009) and have been suggested to be present to support the shifting centre of mass during 
and following direction change. However, the presence of increased inversion may place the 
ankle at greater risk of traction overuse injury of protective soft tissue everting structures, 
which resist inverting motion irrespective of footwear choice (Kerr et al. 2009). When 
considering non-supportive footwear, such as thongs, the belief among many clinicians is that 
thong wear increases the likelihood of ankle inversion injury and should be avoided or limited 
in children. This argument is based on the participants’ inability to resist excess inversion 
during the movement because they are using a less supportive shoe (thong), which provides a 
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less predictable landing environment. No evidence of this can be drawn from the findings of 
the current study. The findings demonstrated no significant changes in ankle inversion between 
shoe conditions. This supports the literature (Smith et al. 2013), which reported that ankle 
inversion was not significantly different when barefoot jogging was compared to barefoot 
sidestepping in children. One mechanism that may be employed by participants in the thong 
condition is that by adopting a more neutral frontal plane hip alignment during contact (see 
Figure 4-4), they may be able to control the frontal plane motion at the ankle, reducing the 
demands placed upon the ankle in the frontal plane. 
The thong condition demonstrates significant change in ankle joint kinematics throughout 
contact in the sagittal plane (see Figure 4-6). At both foot contact and throughout contact, the 
thong condition demonstrates significantly greater dorsiflexion compared to both the barefoot 
and supportive shoe conditions. As previously reported in thong wear during walking (Chard 
et al. 2012), this would appear to be a mechanism by which to maintain the interaction between 
the foot and the thong during contact. Although the thong condition remains more dorsiflexed 
throughout the stance phase, the differences between this and the other shoe conditions are not 
significant during mid-stance and propulsion. Mean ankle transverse plane ROM demonstrated 
a significant reduction (22%; 2°; see Table 4-3) when thongs were worn and may be the result 
of increased neuromuscular muscle activity during stance while wearing thongs, as the ankle 
was less inverted on average during stance. However, the clinical relevance of such a small 
relative change in ROM should be viewed with caution given the otherwise large variability 
between conditions. 
Where changes at the ankle joint appeared predominantly in the thong condition, significant 
alterations to midfoot motion were experienced throughout the stance phase for the supportive 
shoe condition. Supportive shoes significantly reduced mean midfoot plantarflexion motion by 
45 per cent (13°) (see Table 4-3). This may be the result of the supportive shoes’ stiff shank, 
which has previously been reported in studies investigating children’s walking (Wolf, Simon 
et al. 2008, Wegener et al. 2015) and running (Wegener et al. 2015). Sagittal and frontal plan 
mean ROM (see Table 4-3) in the midfoot was specifically and significantly reduced during 
the propulsive phase when supportive shoes were worn compared to both barefoot and thong 
conditions (see Figures 4–9 and 4–10), which corresponds to previous literature suggesting that 
in supportive shoe conditions, the midfoot contribution to the propulsive phase is reduced 
(Wegener et al. 2015; Wolf, Simon et al. 2008). These findings indicate a need to explore the 
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kinetic contributions of the joints around the foot and ankle and to determine if individual joint 
contributions are being significantly altered by the footwear condition. The midfoot also 
displayed significant reductions in the mean abduction/adduction ROM (33%; 3°; seeTable 3) 
in the supportive shoe condition compared to barefoot, which may be due to constraints of the 
supportive shoes’ upper and contoured arch support. 
Mean first MTP joint dorsiflexion motion during stance was reduced by 21 per cent (5°, Table 
4-3) when thongs were worn, which may indicate a stabilising activity of the hallux to retain
the thong. Reduced first MTP joint dorsiflexion is observed at toe-off when wearing thongs, 
which suggests a gripping action of the hallux that is required to maintain the interaction 
between the foot and the thong and has been reported previously during walking (Chard et al. 
2013; Price, Graham-Smith & Jones. 2013) and jogging (Chard et al. 2013). This gripping of 
the first MTP joint (see Figure 4–11) may have implications for reduced ground clearance 
reported to be related to trips and falls (Barrett, Mills & Begg 2010). In addition, this gripping 
action may contribute to mechanical fatigue of the plantar intrinsic foot muscles during weight 
acceptance, secondary to the lack of pre-tensioning of the plantar aponeurosis (Caravaggi, 
Leardini & Crompton 2010). During the propulsive phase of gait, mechanical fatigue of the 
plantar intrinsic foot muscles may increase as the windlass mechanism is rendered ineffective 
(Hicks 1954). Surprisingly, supportive shoes had a much greater effect at reducing mean first 
MTP joint dorsiflexion/plantarflexion motion by 54 per cent (11°, see Table 4-3), which would 
appear to be due to the combined effect of a constraining upper and stiffer sole of the shoes 
and the constraints of the toe box (Wegener et al. 2015). During the contact phase, the first 
MTP joint was significantly more dorsiflexed compared to barefoot and thong conditions, 
which may be due to the offset of the supportive shoes’ heel raise and forefoot toe spring angles, 
causing the foot posture to be altered during the contact phase.  
The limitations of the study are focused around the limited participant numbers. Trends towards 
increased ankle dorsiflexion throughout stance in the thong condition and reduced midfoot 
dorsiflexion in the supportive shoe condition are observed. Overall outcomes were insignificant 
for this study due to a large individual variability of children’s joint motions when undertaking 
a sidestepping task. 
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4.6 Conclusion 
Despite some adaptations in the thong condition, the motion of the thonged foot and ankle 
compared to barefoot has been demonstrated to be more replicable than may previously have 
been expected. A sidestepping task was chosen to investigate the effect of directional change 
during the stance phase of the movement on the shoe/footwear interaction. The adaptations 
observed in the thong condition are the result of the need to maintain the interaction between 
the thong and the foot throughout the task. These compensations were demonstrated to be no 
more elevated than similar changes observed in walking and running in thongs (Chard et al. 
2013). As such, the adaptations during a sidestepping task when thongs are worn may not be 
as injurious as previously considered. The effect of reduced first MTP joint dorsiflexion 
observed during foot-off indicated a clawing of the hallux to retain the thong and increased 
dorsiflexion throughout contact to maintain the thong on the foot. This will only be fully 
understood once the joint movements and powers of the foot and ankle joint have been 
investigated. 
Supportive shoes have a splinting effect similar to that previously observed during children’s 
walking (Wegener et al. 2015; Wolf, Simon et al. 2008) and jogging (O’Meara et al. 2007b) 
tasks, causing significant reductions in midfoot plantarflexion and first MTP joint dorsiflexion 
compared to barefoot. The adaptations throughout the stance phase appear to be of greater 
magnitude in the supportive shoe condition compared to the thong condition. Contrary to 
popular opinion, the results of this study could support the argument that thongs have less 
influence on barefoot motion during sidestepping than do supportive shoes. Within this study, 
thongs allowed children to reproduce barefoot motions more closely than when supportive 
shoes were worn. In the absence of empirical evidence to the contrary, they should not be 
disregarded as injurious. While the effect of these kinematic changes can only be fully 
understood with the examination of the joint angular kinetics, this study suggests a need to 
revise the opinion that thongs contribute to ankle injury. 
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Chapter 5: Effect of thong style flip-flops and supportive shoes on 
children’s midfoot kinetics during the propulsive phase of walking 
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5.1 Abstract 
Background: Thong-style flip-flops are popular footwear for children. They may be more 
beneficial for a child’s developing foot arch than the supportive shoes typical of Australian 
school uniforms because enclosed footwear reduces midfoot motion and power with 
corresponding increase of ankle dynamics, while thongs increase midfoot motion. The purpose 
of this study was to report the effects of wearing thongs on children’s barefoot, midfoot and 
ankle joint power during the propulsive phase of walking. 
Methods: Twelve healthy children (mean ± SD age: 10 ± 1.6 years) were recruited. Kinetic 
and synchronous ground reaction force data were recorded at 200 Hz using a 14-camera motion 
analysis system and force platform while wearing thong and supportive shoes compared to 
barefoot. Three-dimensional ankle and midfoot inverse dynamics were calculated for the 
propulsive phase of children’s walking. 
Results: Barefoot kinetics were mostly unaffected while wearing thongs for the midfoot and 
ankle. Conversely, supportive shoes reduced barefoot sagittal plane, midfoot peak 
plantarflexing angular velocity (p < 0.0001), plantarflexion moment (p = 0.018), power 
generation (p = 0.012) and increased ankle plantarflexion moment (p = 0.006). In the frontal 
plane, supportive shoes reduced barefoot, midfoot peak everting angular velocity (p = 0.005) 
and ankle peak inverting angular velocity (p = 0.044). In the transverse plane, supportive shoes 
reduced midfoot peak abducting velocity (p = 0.034) and peak ankle abduction moment (p = 
0.002). 
Conclusion: Children’s barefoot midfoot and ankle dynamics were unaffected during the 
thong condition. Supportive shoes had a splinted effect on the midfoot with barefoot midfoot 
power generation reduced and a corresponding increase in barefoot ankle power generation. 
Reducing the splinting effect of supportive shoes may be beneficial for children’s midfoot joint 
dynamics. 
5.2 Background
Thongs are commonly worn in the America and Asia-Pacific regions (Carl & Barrett 2008; 
Finnis &Walton 2008) and are the preferred footwear choice of Australian children (Penkala 
2009). They are typically constructed from a rubber template, which is loosely secured to the 
foot by a single V-shaped rubber strap extending from between the first web space to the base 
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of the first and fifth metatarsals. They differ from conventional footwear in that they lack toe 
protection and heel-to-toe pitch (Barton et al. 2009; McPoil 1988). Due to their flexible and 
unrestrictive nature, thongs may be preferable to other children’s footwear types, all of which 
have been demonstrated to alter barefoot gait (Wegener et al. 2011). The ideal footwear for 
developing feet is believed to be that which allows the natural motion of the foot (Echarri & 
Forriol 2003, Kadambande et al. 2006; Sachithanandam & Joseph 1995; Staheli 1991; 
Thompson & Zipfel 2005; Walther et al. 2008; Zipfel & Berger 2007). In support of this view 
are reports that, compared to habitually shod children, habitually unshod children have stronger 
and healthier feet with fewer incidences of toe deformity (Staheli 1991). 
Midfoot joint motion is necessary for midfoot power generation and efficient transfer of stored 
elastic energy while walking (Smith & McConnell 2007). Midfoot plantarflexion contributes 
to 35–48 per cent of the combined peak power of the foot and ankle during the propulsive phase 
of walking (Bruening et al. 2012; Dixon et al. 2012; MacWilliams et al. 2003). This midfoot 
function is significantly reduced when shoes are worn (Smith & McConnell 2007; Wegener et 
al. 2013; Wegener et al. 2015). Improved understanding of the effects of footwear design 
(Dixon et al. 2012) and modification (Wegener 2013) has gained interest in the scientific 
community, who have a goal to reduce the splinting effect of footwear (Wegener et al. 2015; 
Wolf, Simon et al. 2008).  
Conversely, during the propulsive phase of walking, children’s midfoot plantarflexion has been 
demonstrated to be 34 per cent greater when wearing thongs than when barefoot (Chard et al. 
2013). Midfoot plantarflexion may be beneficial for midfoot power generation through 
stabilising structures of the arch, such as the intrinsic foot muscles, which provide support and 
are active in arch lifting (Headlee et al. 2008) when walking at faster speeds during late stance 
(Caravaggi, Pataky et al. 2010) and are described as vital in providing stability and support to 
the longitudinal arch (Fiolkowski et al. 2003; Headlee et al. 2008). 
The aim of this study was to investigate the effects of wearing thongs and supportive shoes on 
children’s midfoot peak power during the propulsive phase of walking (compared with 
barefoot walking). We hypothesised that, during the propulsive phase of walking, children’s 
midfoot peak power would be greater when wearing thongs than barefoot and lower when 
wearing supportive shoes. 
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5.3 Methods
5.3.1 Participants 
The study participants were 12 healthy children (seven girls and five boys), aged 8 to 12 years 
of age, recruited from the metropolitan area of Sydney, Australia. Participant characteristics 
are summarised in Table 5-1. The sample size was determined following a priori power analysis 
of a previous footwear study measuring multi-segment foot motion (Leardini, Bennedetti et al. 
2007). The power analysis determined that a minimum of 10 participants would be necessary 
to observe statistically significant differences between groups in midfoot sagittal-plane ROM 
during propulsion, with alpha set at 0.05, power set at 0.8 and an effect size of 0.62. Inclusion 
criteria stipulated that participants were healthy children, free of known foot deformity and not 
requiring medical consultation for foot or leg pathology in the preceding six months, had a 
Beighton score lower than 5/9 to exclude hypermobile children (Van Der Giessen et al. 2001) 
and had an FPI within 2 SD of normal (0 to +6) to exclude highly pronated (+10 to +12) and 
highly supinated (-6 to -12) foot types (Redmond et al. 2008). The University of Sydney Human 
Ethics Committee granted ethics approval for this study. A parent/carer of each participant 
provided written consent and participants provided informed verbal assent prior to 
participation. 
Table 5-1 Participant characteristics (n = 12) 
Mean (SD) Range 
Gender, male/female 5:7 NA 
Age, years 10.0 (1.6) 8–13 
Height, m  1.4 (0.1) 1.3–1.6 
Body mass, kg  35.0 (7.6) 23.5–47.8 
Beighton score 2.6 (1.6) 0–4 
FPI, score  6 (2) 1–8 
Dominant leg, right (%) 11 (92) NA 
Thong size 31/32–39/40 
Supportive shoe size 32.5E–37E 
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5.3.2 Model marker placement 
Shank and rearfoot segments were defined using three, 12 mm diameter, non-collinear 
reflective markers per segment, as described by Chard et al. (2013) and shown in Figure 5–1. 
Motion of the rearfoot was determined using a detachable wand triad marker fixed to the 
posterior calcaneous (Chard et al. 2013) that consisted of an array of three markers mounted 
onto a rigid shaft that attached to the calcaneus via a flexible metal stirrup that has previously 
been shown to be valid and reliable (O'Meara et al. 2007b; Rattanaprasert et al. 1999). Motion 
of the forefoot was determined with markers located at the navicular (Wrbaskic & Dowling 
2007), first and fifth metatarsal heads. Sagittal-plane motion of the first MTP joint was 
determined by the distal hallux segment in relation to the proximal first metatarsal segment 
with the axis located at the first metatarsal head marker. For the supportive shoe trials, the 
removable wand triad stalk passed through a 16-mm diameter window located in the shoe heel 
counter. Navicular, first and fifth metatarsal head and dorsal hallux markers were fixed using 
strong self-centring magnets to magnetic bases firmly adhered to the skin through 16 mm 
windows created in the shoe upper. Larger windows created in the shoe upper between 17 mm 
and 25 mm have been demonstrated to not adversely affect the integrity of adults’ shoes (Shultz 
& Jenkyn 2012). The use of detachable self-centring rearfoot wand and magnetic clusters 
enabled timely removal and accurate replacement of markers between footwear conditions and 
the measurement of in-shoe motions. 
5.4 Segment and joint angle definitions 
Segment and joint angles were defined by Chard et al. (2013). The two joints of the rearfoot 
(talocrural and subtalar) were considered as a single universal joint, with its centre located at 
the midpoint between the markers on the medial and lateral malleolus (see Figures 5-1 and 
5-2). The ankle joint centre arises from a virtual marker located midway between the medial
and lateral malleolar markers. The forefoot segment X and Y-axes had their origin in line with 
the navicular marker and the Z-axis origin in line with the rearfoot joint centre. The axis system 
origin for the shank segment was midway between the medial and lateral femoral condyles. All 
segment X-axes were initially aligned with the laboratory –Z-axis (down), segment Y-axis 
pointing anteriorly (X-axis of laboratory) and the segment Z-axis pointing to the right of the 
participant (-Y-axis of the laboratory). For the shank segment, the X-axis was aligned with the 
rearfoot joint centre (see Table 5–2). 
     Chapter 5: Midfoot kinetics  
148 
Figure 5-1 Participant with markers applied to define segments and their embedded axis 
Figure 5-2 Ankle JCS and corresponding LCS 
The ankle joint centre is located at a virtual marker (yellow) located midway between the medial (blue 
dashed) and lateral malleolar (blue) markers. Ankle joint motions of abduction/adduction occurred about the 
XJCS-axis, dorsiflexion/plantarflexion about the ZJCS-axis and inversion/eversion about the YJCS-axis. 
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The three degrees of freedom ankle joint angles were described using the JCS according to ISB 
recommendations (Wu et al. 2002). The midfoot angle describing the angular relationship 
between the forefoot and the rearfoot used a similar JCS as that for the ankle. That is, the 
midfoot plantarflexion/dorsiflexion axis was the Z-axis of the rearfoot, the midfoot 
abduction/adduction axis was the X-axis of the forefoot and the inversion/eversion axis of the 
midfoot was the cross product between the Z-axis of the rearfoot and the X-axis of the forefoot 
(see Table 5–2). 
 
Table 5-2 Marker locations and relative segments 
Segment definition 
(marker locations) 
Segment origins Joint Proximal 
segment 
Distal 
segment 
Leg (tibial tuberosity, 
anterior tibial border, 
lateral lower 1/3 of leg) 
X, Y and Z at 50% of 
distance between the 
condyles 
Ankle joint 
complex 
Leg Rearfoot 
Rearfoot (wand triad 
marker) 
X, Y and Z at 50% of 
distance between the 
malleoli 
Midfoot 
joint 
complex 
Rearfoot Forefoot 
 
Forefoot (navicular 
tuberosity, 1st & 5th 
metatarsal head) 
X: navicular, Y: navicular Z: 
50% of distance between the 
malleoli 
- - - 
 
 
5.4.1 Experimental procedure 
Study participant characteristics were recorded and reflective markers were applied prior to a 
standardised foot reference position being recorded. Participants practiced walking along a 10 
metre walkway at a self-selected pace. They visually attended to a distant line bisecting the lab 
to maintain direction and avoid targeting a ground embedded, level, force platform. Participants 
conducted five successful trials (Greene et al. 2014) in a straight-line while barefoot, wearing 
simple, non-contoured thongs (Havaianas) (Alpargatas, São Paulo, Brazil) (see Figure 5-3a) 
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and wearing supportive school shoes (Clarks Detroit (C & J Clark International, Somerset 
England). The order of the conditions was randomised between participants. Participants’ mean 
walking velocity in the laboratory X direction was derived from sacral marker displacement 
during resultant velocities of stance. The mean and 95 per cent confidence intervals (CIs) of 
five trials were calculated for each child. The ensemble mean and 95 per cent CIs across 
participants were computed. The sub-phase of propulsion was defined as heel rise to toe-off.  
a. 
 
b.  
Figure 5-3 Footwear conditions 
a. Simple non-contoured unrestrictive thongs (Havaianas); b. Supportive shoes (Clarks Detroit). 
5.4.2 Equipment 
A 14-camera motion analysis system (Cortex Version 1.1, Motion Analysis Corporation, Santa 
Rosa, US) captured motions at 200 Hz. A single force plate (Model 9281B, Kistler, Winterthur, 
Switzerland) recorded ground reaction force data at 1,000 Hz. All 14 cameras were calibrated 
prior to each data collection session. Residual error for the motion analysis system, representing 
the accuracy with which the system could reconstruct marker locations within the captured 
volume, was < 0.5 mm across all testing sessions. 
5.4.3 Data processing 
All trials were truncated at 20 per cent prior to heel strike of the right foot and at 20 per cent 
after the right foot toe-off and were time normalised to the right foot’s stance phase. In 
accordance with literature reporting walking kinematic analysis, the kinematic data were 
smoothed at five Hz (Belli et al. 2002; Hunt et al. 2001). Angles relative to the standing 
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reference trial were calculated using KinTrak software (University of Calgary, Canada). The 
propulsive phase of gait, determined by the timing of heel contact and toe-off events, was 
established from the vertical ground reaction force. The stance phase event and sub-phases of 
propulsion were calculated from threshold variables determined by the force platform 
(O'Meara et al. 2007a; O'Meara et al. 2007b; Wegener et al. 2015; Wegener et al. 2013). Heel 
lift marked the beginning of the propulsive phase and was determined at the crossing of 
posterior to anterior force, orientated from the LCS in the X direction. Toe-off marked the end 
of the stance phase and was determined by the reduction of vertical ground reaction force to 
zero, determined in the laboratories coordinate system in the Z direction.  
For each participant and condition, the mean of five trials was calculated. Data were analysed 
following heel rise, from 60 per cent to 120 per cent of the stance phase (Dixon et al. 2012; 
Smith & McConnell 2007), as the force plate was unable to resolve the distribution of forces 
under the hallux, forefoot and rearfoot segments. The hallux segment dynamics were excluded 
from the overall findings as force-plate analysis has previously shown the centre of pressure to 
remain under the metatarsal heads, even when the toes made full contact. This implied that 
very little force is transmitted by the hallux (Grundy et al. 1975). Net joint movements were 
calculated at the proximal end of each segment, with traditional inverse dynamic analysis of 
distal segment relative to proximal segment, similar to the kinematic analysis presented in 
Chapter 3 (Chard et al. 2013). Total joint power was calculated as the dot product of the joint 
movement and angular velocity for each of the orthogonal axes. All variables were time 
normalised to the percentage of stance between trial comparisons and all trials were normalised 
by participant mass between participant comparison (Bruening et al. 2012). The ensemble 
mean and 95 per cent CIs across participants were computed. Variables that were calculated 
using participant mass were expressed as per unit body mass to reduce the variability caused 
by body mass. For example, power variable units were expressed as W/kg. Positive power 
output indicated concentric muscle contraction and power generation. Negative power output 
demonstrated eccentric muscle activity and power absorption. For the sagittal plane, negative 
movements indicated plantarflexion to be the net effect of muscle action around the joint. 
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5.4.4 Statistical analysis 
For the primary discrete variable of footwear condition (thongs, supportive shoes and barefoot), 
peak power production during the propulsive phase was analysed using a three-by-five (three 
footwear conditions, five trials) nested, repeated measures ANOVA in SPSS 22 (IBM SPSS 
Statistics for Windows, Armonk, NY, US). Bonferroni adjustments were applied when 
multiple comparisons were made between conditions. A significance threshold of p < 0.05 was 
used to determine differences between means and ranges of motion. 
5.5 Results 
There were significant differences in the pattern and magnitude of power production at the 
midfoot and ankle joints during the propulsive phase of walking across all footwear conditions 
and planes of movement (see Figures 5-4 to 5-6). The significance of the differences that were 
observed between the time series data were supported by the statistical analysis of the discrete 
data points (see Table 5-3). 
In the sagittal plane, compared with being barefoot, supportive shoe wearing had statistically 
significant effects following heel rise. There was lower midfoot peak plantarflexing angular 
velocity (p < 0.0001), lower plantarflexion moment (p = 0.018) and less power generation (p 
= 0.012). Meanwhile, the ankle exhibited higher peak plantarflexing velocity, plantarflexion 
moment (p = 0.006) and power generation.  
For the midfoot in the frontal plane, the three footwear conditions produced highly variable 
magnitudes and timings of maximum and minimum angular velocities, moments and power. 
Both the supportive shoe and thong conditions produced lower midfoot peak everting angular 
velocities compared to barefoot (p = 0.005). However, there was no change in inversion 
moment. The combination of differences in the magnitude and timing of midfoot angular 
velocities produced radically different power profiles. The barefoot condition produced greater 
power generation, at around 80 per cent of the stance phase and greater power absorption near 
90 per cent of the phase.  
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Figure 5-4 Sagittal plane mean curve ensembles for ankle and midfoot joint kinetics while barefoot 
(red), wearing thongs (blue) and supportive shoes (green) from 60%–120% of stance 
Angular velocities (dorsiflexing to positive, upper row), moments (dorsiflexion to positive, middle row) and power 
(generation to positive, lower row) during the propulsive phase of walking. 
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Figure 5-5 Frontal plane mean curve ensembles for ankle and midfoot joint kinetics while barefoot 
(red), wearing thongs (blue) and supportive shoes (green) from 60%–120% of stance 
Angular velocities (inverting positive), moments (inversion to positive) and power (generation to positive) during 
the propulsive phase of walking. 
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Figure 5-6 Transverse plane mean curve ensembles for ankle and midfoot joint kinetics while 
barefoot (red), wearing thongs (blue) and supportive shoes (green) from 60%–120% of stance 
Angular velocities (abducting to positive), moment (abduction to positive) and power (generation to positive) during 
the propulsive phase of walking. 
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The ankle’s frontal plane peak inverting angular velocity was lower (p = 0.044) when supportive 
shoes were worn than barefoot. The ankle joint moment was inverting up to 90 per cent of stance 
phase for the barefoot and thong conditions but was everting for the supportive footwear condition. 
Therefore, power generation occurred up to 90 per cent of stance phase for the barefoot and thong 
conditions, while power absorption occurred during the supportive footwear condition. 
In the transverse plane, midfoot peak abducting velocity was lower (p = 0.034) when supportive shoes 
were worn than when barefoot, while the peak abducting moments were similar. As a result, there 
was less peak power absorption with supportive shoes than with bare feet and thongs, which provided 
similar amounts of absorption.  
At the transverse plane of the ankle joint, the peak power absorption was much greater in magnitude 
for the supportive shoe condition than the other conditions (p = 0.002). This was due to that condition 
because the supportive shoe condition involved increased adducting angular velocity and an increased 
peak abduction moment. 
5.5.1 Individual differences 
There were substantial individual differences in the three frontal plane variables. Closer inspection 
of the ankle eversion moment and its effect on ankle power generation in the supportive shoe 
condition revealed considerable variability, which caused significant CIs in ankle frontal plane 
moments (see Figure 5-7). The mean time series of ankle frontal plane moments based on each of the 
participants’ five trials, revealed that half of the children exhibited an eversion moment while the 
others exhibited inversion (see Figure 5-7a).  
Another case in which the results were affected by each individual, was in the midfoot sagittal-plane 
variables. Most participants responded to the footwear conditions with similar angular motions. In 
the case of barefoot, three of the children responded differently to the others during the thong 
condition, as observed by the sagittal plane, midfoot power time series (see Figure 5-7b). They had a 
pronounced period of midfoot power absorption occurring between 60 per cent and 80 per cent of 
stance. This was not an anomaly, but was a consistent pattern among three of the 12 participants. For 
one of these participants, this unusual response was consistent over their five trials. For the other two 
‘outlying’ participants, this effect was only exhibited in two of their five trials.  
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Figure 5-7 Variability of children’s ankle and midfoot dynamics during the propulsive phase of gait 
(a) Mean of five trials for individual participants of ankle frontal plane moment (n = 14) wearing supportive shoes. 
(b) Midfoot sagittal-plane joint power for participants (n = 8) wearing thongs. One of the three outlying participants 
is different to the others. 
 
Figure 5-8 Ankle and midfoot sagittal-plane peak propulsive power (W/kg) contribution to overall 
propulsion while barefoot (red), wearing thongs (blue) and supportive shoes (green) with 95% CIs 
Propulsive power magnitudes (W/kg) are presented for supportive shoes. 
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Table 5-3 Ankle and midfoot peak angular velocities (ᵒ/sec), moment’s (Nm/kg) and powers (W/kg) for sagittal, frontal and transverse plane walking 
barefoot, wearing thongs and supportive shoes during the propulsive phase of gait 
 
Positive/negative values for the sagittal plane are dorsiflexing/plantarflexing, dorsiflexion/plantarflexion, generating, absorbing. For the frontal plan are everting/inverting, 
eversion/inversion and generating/absorbing. For the transverse plane are abducting/adducting, abduction/adduction and generating/absorbing. Self-selected walking velocity for 
barefoot and shod conditions.  
*Indicates significant difference of p < 0.05 compared to barefoot. 
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5.6 Discussion 
The purpose of this study was to examine the effect of wearing thongs and supportive shoes on 
children’s select foot kinetics during the propulsive phase of walking. For this purpose, 
footwear conditions were compared to barefoot kinetics. As hypothesised, when wearing 
thongs, the midfoot and ankle functioned similar to bare feet. However, the supportive shoes 
limited midfoot power generation with a corresponding increase in ankle power generation.  
Self-selected barefoot walking velocities (see Table 5-3) observed in the present study were 
consistent with previous studies of children’s walking kinetics (Cavagna et al. 1983; Ganley & 
Powers 2005; Wegener et al. 2013). The thong condition did not alter children’s self-selected 
walking velocity from that observed while barefoot, which increased when supportive shoes 
were worn. While not significant, this is consistent with the analysis by Wegener et al. (2011) 
on the effect of footwear on children’s walking velocity. Walking joint powers in the current 
study were consistent with those reported in papers that used the relative angle of the shank to 
the rearfoot to describe sagittal-plane ankle kinetics in children (Cavagna et al. 1983; Ganley 
& Powers 2005; Wegener et al. 2013), adolescents (Dixon et al. 2012; MacWilliams et al. 
2003) and adults (Hunt, Smith & Torode 2001; Price, Andrejevas et al. 2014) while barefoot 
or wearing thongs (Price, Andrejevas et al. 2014) or supportive shoes (Wegener et al. 2013). 
This research agrees with studies reporting that midfoot plantarflexion power generation is 35 
to 48 per cent of the peak power generation of the foot and ankle during the propulsive phase 
of walking (Bruening et al. 2012; Dixon et al. 2012; MacWilliams et al. 2003). This study 
demonstrated that midfoot peak power output was within four per cent of ankle peak power 
generation during propulsion for both the barefoot and thong conditions, while midfoot peak 
power was only 66 per cent of peak ankle power when supportive shoes were worn (see Figure 
5-8). This finding is consistent with previous reports using the same foot model (Wegener et 
al. 2013; Smith & McConnell 2007). These finding increase the generalisability of our research 
to adolescent populations, as Dixon et al. (2012) reported peak midfoot plantarflexion power 
generation to be 1.1 W/kg in a sample of teenagers (mean ± SD age: 14.4 ± 3.0 years), which 
is comparable to our observed peak of 1.769 W/kg. 
Power production in the sagittal plane was similar while walking in the thong condition to 
barefoot, while the supportive shoe condition resulted in reduced midfoot power generation (p 
= 0.012), as observed in Figure 5-4. There were fewer remarkable differences in the joint 
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moments of the midfoot and ankle between footwear conditions, except for the sagittal plane. 
As the supportive shoe condition was compared directly to the barefoot condition, some offsets 
can be considered in the sagittal plane due to the supportive shoes heel lift and greater base of 
support. It was the more obvious differences in peak angular velocities that caused the 
differences in peak powers. Higher joint angular velocities were due to a greater ROM required 
at the midfoot joint in the barefoot and thong conditions. 
In the sagittal plane, the magnitude of peak midfoot power generation was reduced when 
supportive shoes were worn and occurred earlier than in the barefoot and thong conditions. The 
reduced midfoot peak power generation may be due to the combined effect of the shoes upper 
and the extended base of support and stiffness provided by the shoes sole. From the angular 
velocity time series, the speed (acceleration) of midfoot plantarflexing angular velocity can be 
observed to increase sharply at 80 per cent of stance while barefoot and during the thong 
condition, which collectively peak at 95 per cent of stance before a similar speed of dorsiflexing 
angular velocity was observed. The dorsiflexing angular velocity did not reach the standing 
reference zero position at toe-off (100% of stance) and continued beyond the stance phase. By 
contrast, the speed of plantarflexing angular velocity during the supportive shoe condition 
remained constant through to 90 per cent of stance, where it peaked. Midfoot dorsiflexing 
angular velocity then occurred at a faster rate than the previous plantarflexing angular velocity 
and at a similar speed to barefoot than that observed during the thong condition. This 
dorsiflexing angular velocity reached the zero-reference position at 96 per cent of stance and 
continued dorsiflexing beyond toe-off. The greater stiffness of the supportive shoes’ sole may 
be partially responsible for impeding the speed of midfoot plantarflexing angular velocity and 
reducing the midfoot plantarflexion moment as a result of a slowing in the anterior shift of the 
centre of gravity with a breaking effect. This breaking effect of supportive shoes may adversely 
affect gait efficiency and, with it, delay the maturation of children’s midfoot dynamics. The 
efficient transfer of weight-bearing stored elastic energy is necessary for a propulsive gait, 
which is considered integral to gait maturity.  
In the frontal plane, barefoot power was unaffected during the thong condition, which followed 
a similar trend. However, power generation occurred when supportive shoes were worn (p = 
0.037). From the angular velocity time series, it can be observed that the speed and acceleration 
of midfoot frontal plane motion were lower when supportive shoes were worn compared to 
barefoot (p = 0.013). While the magnitude of this difference may be clinically unimportant, it 
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may be explained by the previously established splinting effect of footwear. This splinting 
effect of the midfoot in the frontal plane may be partially due to the shoes’ upper (Wolf, Simon 
et al. 2008) restricting arch rising and influencing the eccentric activity of midfoot everters, 
such as the tibialis anterior (Hunt, Smith & Torode 2001). 
Midfoot adducting angular velocity was significantly lower with supportive shoes than 
barefoot (p = 0.034). From the supportive shoe time series, negligible differences can be 
observed among midfoot transverse plane moments, while the power time series indicates that 
peak midfoot transverse plane power absorption was reached at 81 per cent of stance. In 
contrast, the timing of midfoot transverse plane power absorption lasted eight per cent of stance 
longer and peaked at a 66 per cent higher magnitude with bare feet and thongs than with 
supportive shoes. 
In the sagittal plane (Figure 5-4) the magnitude of peak ankle power generation was unchanged 
between conditions. However, during the supportive shoe condition, the ankle plantarflexion 
moment reached a greater magnitude than barefoot (p = 0.006). When correlating the greater 
ankle peak plantarflexion moment with the angular velocity time series, the continuous data 
provides the insight that increased plantarflexion moment may be related to the centre of 
gravity being posteriorly placed, resulting in a delay of the ankle moving into a plantarflexing 
angular velocity. While the plantarflexing angular velocity is already delayed to begin with, it 
occurs at a faster speed during the supportive shoe condition and may be related to the 
combined difference of the supportive shoes’ heel counter, greater sole stiffness and increased 
base of support. Eccentric activity of ankle dorsiflexors, such as the tibialis anterior (Hunt, 
Smith & Torode 2001), decelerate the shoes’ leverage (Luethi & Stacoff 1987) on the ankle 
into plantarflexion. As body weight shifts for a propulsive movement, the ankle’s angular 
velocity aligns with its plantarflexion moment and reaches a peak. This indicates that a stronger 
contraction of ankle plantarflexor muscles, such as the gastrocnemius and soleus (Luethi & 
Stacoff 1987), may be indicated when supportive shoes are worn, compared to barefoot. 
In the frontal plane, the ankle’s peak inverting velocity was lower when supportive shoes were 
worn than when barefoot (p = 0.008). This may be related to the shoes’ heel providing a greater 
base of support, combined with the shoes’ stiffened heel counter. From the power time series, 
concentric muscle activity can be interpreted from rearfoot inverters, such as the posterior 
tibialis (Murley et al. 2009) during propulsion while barefoot and while wearing thongs. The 
eversion moment observed when supportive shoes were worn is due to three participants having 
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divergent moments in the supportive shoe condition (similar to the participant shown in Figure 
5-5). This alternate frontal plane behaviour also resulted in significant variation in the ankle 
frontal plane power data. Frontal plan variability has been reported in previous studies (Hunt 
et al. 2001; Rattanaprasert et al. 1999) as the most variable plane of motion and deserves further 
investigation with a greater sample size. Children’s foot motions are more variable than adults 
and this increased variability is thought to be due to the smaller foot surface area of children 
(Stebbins et al. 2006).  
The peak ankle abduction moment was greater in the supportive shoe condition than when 
barefoot (p = 0.005). From the opposing direction of angular velocity observed in the time 
series (see Figure 5-6), a stabilising influence of the peroneus brevis (Winter 1987) with 
eccentric muscle activity can be inferred. The stabilising effect of the peroneus brevis, through 
eccentric activity, has been demonstrated to peak at 71 per cent of stance (Hunt et al. 2001a) 
with a stabilising effect during single leg support. This prevents excessive meial acceleration 
of the body’s centre of gravity away from the supporting leg.  
5.7 Limitations 
There are some limitations to this study. First, the sample was restricted to children with healthy 
feet. This limits the extent to which the findings can be generalised to children with highly 
pronated or supinated foot postures or those with pathology. Second, our study considered the 
influence of thongs and supportive shoes on children’s kinetics immediately after the footwear 
was donned. Prior familiarity with these conditions was not controlled for and could have been 
a source of bias. Third, the sample size of this study was small. Larger samples sizes in the 
future could address some of the variability that was observed. 
5.8 Conclusion 
The midfoot and ankle were comparable between barefoot and thongs. In contrast, supportive 
shoes limited midfoot power generation and caused a corresponding increase in ankle power 
generation. Pathological implications may exist, as children maintain poorly adhered thongs to 
their feet while the protection offered by the uppers and soles of supportive shoes splint 
important midfoot dynamics. Unrestricted midfoot dynamics are considered important to 
healthy foot arch development and formation. The breaking effect observed during the 
propulsive phase may reduce propulsive efficiency during this condition. Healthy children’s 
                                                                                                      Chapter 5: Midfoot kinetics  
163 
developing feet may benefit from supportive shoes, which are modified to enable midfoot 
dynamics similar to those measured when thongs are worn. These findings may assist footwear 
manufacturers to develop footwear, which provides protection while allowing unimpeded 
barefoot midfoot dynamics. 
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6.1 Overview of the key findings 
The most outstanding result of the three experimental studies was the high level of agreement 
between the barefoot and thong conditions’ motion and kinetics patterns at the ankle and 
midfoot. This agreement is emphasised when the contrasting results of the supportive shoe 
condition is examined in the third study and in which widely different patterns of motion and 
kinetics were observed. Given the benefits to lower limb health of barefoot physical activity 
that were canvassed in the review of the literature, this thesis has provided sound evidence for 
a more positive attitude among parents and clinicians towards children wearing thongs. This 
thesis also supported the findings of other authors that the ROM of the midfoot joint is 
comparable with the ROM of the ankle joint and contributes significant power to the propulsion 
phase of gait unless the foot is splinted by shoes.  
6.1.1 Chapter 1 
The background of the thesis provides an outline of a wide range of population-based studies 
that support the proposal that ‘barefoot is better’ than wearing shoes. ‘Better’ is meant in the 
sense of stronger feet, improved performance of physical activities and fewer injuries and 
pathologies. Despite warnings by clinicians of the deleterious effects of wearing thongs (in the 
absence of supporting evidence from well-designed studies), they continue to be the preferred 
footwear of children in the Asia-Pacific region. Conversely, supportive shoes are recommended 
to children for their protective qualities, despite evidence of a splinting effect on 
metatarsophalangeal and midfoot joints with a corresponding increase in ankle dynamics. This 
splinting effect may have a deleterious effect on the maturing of the foot’s arch and function. 
Chapter 1 outlines the maturation processes of children’s feet and the existing evidence of the 
alterations to healthy barefoot dynamics associated with wearing footwear. Children’s 
neuromuscular, skeletal and dynamic maturity is gradually developing until nine years of age 
or older, at which time they become adult-like. During these developmental years, parents are 
usually enthusiastic about providing the best footwear for their children’s healthy foot 
development. Clinicians require a robust evidence-based understanding of the effect thongs 
have on children’s foot dynamics to provide parents with guidance on the benefits and 
disadvantages of children wearing thongs. 
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6.1.2 Chapter 2 
Chapter 2 outlines the state-of-the-art methods necessary to determine the effect of footwear 
on children’s foot motions and the fundamental principles of segment modelling and 
stereophotogrammetry to provide new information for the testing of the hypotheses proposed 
in this thesis. 
6.1.3 Chapter 3 
The three studies presented in this thesis (Chapters 3–5) advance understanding of the effect 
that wearing thongs has on children’s barefoot dynamics. The final study, presented in Chapter 
5, reinforces and adds to the evidence in the literature that supportive shoes have a splinting 
effect on the midfoot with reduced motions, while increasing ankle motions. 
The ROM of the barefoot midfoot joint sagittal-plane motion is of similar magnitude to 
barefoot sagittal-plane ankle joint motion in healthy children while walking at a self-selected 
walking speed. 
1. The foot and ankle adaptations associated with the wearing of thongs suggests 
neuromuscular action on the foot to maintain agreement or contact with the thong 
footwear. 
a. During the contact phase of gait, increased ankle dorsiflexion, during walking 
and jogging and reduced first MTP joint dorsiflexion during walking, 
suggesting a need to retain the thong during weight acceptance. 
b. Throughout the whole-of-stance, increased midfoot plantarflexion while 
jogging indicates a gripping of the thong by the foot. 
c. During propulsion, this midfoot gripping effect persists while walking and 
jogging to grip the thong following heel rise. 
d. Prior to, and following, stance, reduced first MTP joint extension further 
indicates a gripping effect and may be an effort to reduce the thong’s separation 
from the posterior foot, as described by Sharpe et al. (2016). 
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6.1.4 Chapter 4 
The sidestep activity was conducted to investigate the effect of a physical activity with greater 
mechanical stress than walking and jogging. A supportive shoe condition was explored to add 
contrast to the effect of the thong condition. 
1. The thong condition was associated with minimal differences to the barefoot condition 
during the simulated sidestep. 
2. The previously reported sagittal-plane splinting effect of supportive shoes was evident 
in these findings. The description of the splinting effect was extended to the frontal and 
transverse planes. 
6.1.5 Chapter 5  
1. In regard to the kinetics of walking, no significant differences were found between the 
barefoot and thong conditions.  
2. In contrast, supportive shoes limited midfoot power generation and caused a 
corresponding increase in ankle power generation. 
3. Sagittal-plane midfoot propulsive power generation is reduced when wearing 
supportive shoes and unaffected when thongs are worn. 
6.2 Limitations 
1. The participants recruited for these studies were aged between 8 and 12 years, 
restricting the generalisation of these findings to children within this age range. 
2. Children are reported to preform adult-like hip and knee kinematics by age seven 
(Ganley & Powers 2006), while foot posture remains immature prior to ages six to 
eight, when it matures spontaneously. Children’s hip and knee kinetics are reported as 
mature by age five and ankle kinetics at age nine or older. Midfoot joint kinetics are yet 
to be determined and may mature at a later age. As such, these results are not 
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generalisable to younger ages, due to the developing nature of children’s lower limbs 
and gait, nor older populations, due to the developing nature of foot joints. 
3. The participants studied in this thesis were restricted to those with healthy foot postures, 
as outlined by the FPI. Children with highly pronated foot postures (FPI > +10) or 
highly supinated foot postures (FPI > -6) were excluded from the studies. This limits 
the findings to children aged 8–12 years, whose foot postures are considered within the 
healthy range of > -6 and < +10. 
4. Despite the popularity of thongs among children and the common preference for 
supportive shoes in school uniform policies, this was not controlled for. It is possible 
that some children did not prefer wearing thongs and did not wear supportive shoes 
regularly. 
5. Children were tested following a period of acclimatisation, at which time the participant 
was encouraged to walk around the biomechanics laboratory for 10 minutes. This 
restricts the reported influence of the footwear to barefoot motions to the acute stage 
only and does not consider the longer periods of time wearing the footwear outside the 
testing environment. 
6. It is possible that the increased ankle dorsiflexion, midfoot plantarflexion and reduced 
first MTP joint extension would lead to increased fatigue of associated muscles with 
time and further kinematic and kinetic differences would be observed. 
7. It is possible that the splinting effect of supportive shoes would reduce fatigue of the 
intrinsic foot muscles, while increasing fatigue to muscles crossing the ankle and 
altering joint kinematics and kinetics with prolonged wear. Further studies could 
examine foot mobility and fatigue after prolonged shoe wearing. 
8. The hallux marker was placed on the dorsal toenail, which limits our findings to the 
hallux, combining the distal and proximal phalanges. While extension of the 
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interphalangeal joint may be considered minimal, future studies should place the 
marker on the proximal phalanx to isolate first MTP joint dynamics. 
9. Caution should be exercised when generalising our results to other three-segment foot 
models, as the results presented are for segments described by the specified marker set 
and those segments only. 
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6.3 Implications of the thesis 
Parents presenting to the clinician are often concerned with the benefits and harms of various 
footwear. The economic implications of children’s footwear are significant, due to the 
regularity of them needing to be updated as children’s feet grow. 
While clinical experience has led some clinicians to warn of what could be considered 
relatively extreme pathological outcomes for wearing thongs, the evidence of this study does 
not support this argument. Some mechanisms to retain foot contact with the thongs may have 
pathological implications to support clinical experience in some children. The patho-
mechanical mechanisms that may lead to rearfoot and forefoot pathologies, such as heel pain, 
shin-splints and forefoot pathology, are listed below. 
Rearfoot pathology 
1. The first MTP joint extension has been proposed as beneficial prior to the contact 
phase of gait for the pretension of the plantar aponeurosis, in readiness for weight 
acceptance and is necessary to activate the windlass for neuromuscular efficient 
midfoot plantarflexion and rearfoot inversion. The reduced first MTP extension 
reported in Chapter 3 may impede this process, leading to poor midfoot orientation 
upon weight acceptance and inefficient neuromuscular dynamics for those muscles 
crossing the midfoot joint during propulsion. 
2.  Greater ankle dorsiflexion reported in Chapter 3 thought to retain the thong during 
the contact phase of gait may result in overuse syndromes of the anterior shin 
compartment.  
Forefoot pathology 
The reduced first MTP extension reported in Chapter 3 may be compensation to retain the 
agreement of the posterior thong with the foot as reported by Sharpe et al. (2016). They also 
reported reduced ground clearance when thongs were worn. Combined, these outcomes 
increase the likelihood of direct toe trauma during the swing phase of gait when thongs are 
worn. 
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6.4 Direction for future research 
Modified thong 
The midfoot gripping effect described may be beneficial for children’s midfoot joint and 
plantar intrinsic foot muscle development corresponding with the arch. While the retention 
compensations of altered ankle and first MTP joint motions that are outlined may be 
detrimental. Future studies should systematically alter thongs to reduce these retention needs. 
In so doing, a thong to assist the development of efficient midfoot function may be developed. 
Pathological populations 
Populations with FPI < -6 and > +10 should be examined to determine the effect of thongs on 
those with highly supinated and highly pronated foot postures. 
Fatiguing participants 
Fatiguing participants and, in particular, those muscles crossing the ankle and midfoot joints 
prior to testing, are important to consider the effect of thongs during persistent wear. This will 
allow clinicians to offer targeted advice, taking into consideration the activity of the patient 
when wearing thongs. 
Other movements 
It is important to examine movements commonly executed when thongs are worn, to gain an 
overall understanding of their effect, including; balance, sudden stopping, jump landing and 
stair ascending and descending. 
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6.5 Thesis conclusion 
The aim of this thesis was to bridge the existing gap between anecdotal clinical opinion and 
the evidence-based understanding of the effect thongs have on children’s foot dynamics. The 
most influential years for arch development are prior to age six (Staheli 1991). Considering 
this, in light of the gradual development of connective tissue reaching adult levels by age 15 
(Walther et al. 2008) and that the developing foot can be influenced by external factors 
(presented in Chapter 1), what children wear on their feet is of critical concern. 
It may not be as detrimental for children to wear thongs as previously considered. Overall foot 
dynamics when walking and jogging while wearing thongs were mostly replicable of barefoot 
motions. Contrary to popular opinion, sidestepping while wearing thongs did not affect foot or 
ankle dynamics. This research provides further evidence to support the splinting effect of 
supportive footwear, with a corresponding increase in ankle motions. 
Clinical experience must not be disregarded in the presence of this new evidence, though 
thoughtful consideration is warranted. Clinicians must balance clinical experience with the 
overwhelming certainty of scientific rigour and discover the most efficient and cost-effective 
path to an individual’s recovery. The thoughtful clinician should be ever-critical of the 
evidence and their individual bias. Thoughtful interrogation of theirs and others’ expert 
experience, in light of emerging evidence, is morally essential in clinical practice. 
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Appendix 2 Recruitment media release 
World’s First Study about Thongs 
23 October 2009 
In a world-first study, University of Sydney 
researchers are setting out to prove whether the commonly held assumption 
that thongs are bad for your feet really is true or not. 
Podiatrist and University of Sydney researcher Angus Chard will be investigating the 
effect of thongs, also known as flip-flops, jandals, pluggers, go-aheads and Havaianas, 
on children's feet. 
Mr Chard, a second-generation podiatrist with over sixteen years of clinical expertise, 
says he ‘looks forward to replacing the broad public opinion of the health effects of 
wearing thongs with hard evidence’. 
According to Mr Chard, ‘thongs are often preferred for reasons of comfort, fashion and 
convenience, while professionals discourage their wear with little scientific evidence of 
harmful effects’. 
But as our understanding of the complex nature of foot function grows, experts are 
starting to accept that the best shoe should mimic barefoot conditions, says Mr Chard, a 
researcher with the Footwear Research Team within the Faculty of Health Sciences. 
‘The latest research has found that there is more motion within the arch of the foot than 
previously thought. It might be the case that flexible thongs can actually assist in 
developing the 16 muscles within each foot, helping Australian children to improve their 
sporting prowess.’ 
Mr Chard will lead the University of Sydney project, which will look at the effects of 
thongs on foot and leg function. This research will inform future studies investigating 
footwear ideal for children's developing feet. 
‘We will be using technology—similar to that used in movies to bring to life characters 
such as Gollum from Lord of the Rings—to animate children's foot and leg motions while 
they are barefoot, wearing thongs and traditional school shoes. 
‘Real time animation of children's postural patterns, with emphasis placed on the feet, 
will be produced during walking, running and side-stepping activities.’ 
To be eligible, volunteers must be between the ages of 8 and 13 years, who have not 
needed the attention of a health practitioner for the previous six months for a foot or leg 
complaint. 
Analysis of suitable children will be conducted at the University of Sydney in Lidcombe, 
with on-campus parking facilities. Parents with children interested in participating in this 
exciting environment can contact Angus Chard on 0419 436 633. 
To interview Angus Chard, contact 0419 436 633. 
Media queries: Kath Kenny, University of Sydney Media Office 02 9351 2261 or 0434 
606 100. 
Sydney University's Faculty of Health Sciences will showcase its world leading research 
at celebrations to mark its 30th anniversary on Saturday 31 October 2009. 
For further information visit the Health Sciences website here. 
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Appendix 3 Recruitment poster 
                           
 
Are thongs good for children’s feet? 
Are you making the right choice for school 
shoes? 
 
Conducted by the research team from the Faculty of Health Sciences, 
University of Sydney. 
 
 
Opportunity to be animated in real time by The University of Sydney’s 
state of art biomechanics lab. 
 
Research subjects required: Age: 8–13 years 
 
Location of study: Cumberland Campus of the University of 
Sydney, East St Lidcombe 
Length of time: 2 hours 
 
Contact person for more information:  
Angus Chard 0419 436 633 or 
bcha8278@uni.sydney.edu.au
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Appendix 4 Parent/guardian information pack 
  
The University of Sydney  
Faculty of Health Sciences  
  _____________________________________________________  
  School of Exercise and Sport Science  
 P.O. Box 170, Lidcombe, NSW, 1825 Australia Tel: 61-
2-9351-9612; Fax: 61-2-9351-9204  
 Benedicte Vanwanseele: Tel: 61-2-9351-9328; Email: b.vanwanseele@mail.usyd.edu.au  
Volunteer Information Package 
 
Preparation for Gait Analysis 
  
Firstly, on behalf of all the investigators at the School of Exercise and Sport Science we would like to 
thank you for taking the time to volunteer for our study.  
This information package will give you information on:  
• how to prepare for the baseline testing 
• what to bring to the baseline testing 
• how long the assessments will take 
• what you will be doing once you arrive for baseline testing  
• traveling to the University of Sydney, Cumberland Campus in Lidcombe  
• where to come once you have arrived on Campus. 
 
If you have any questions or concerns, please do not hesitate to contact Angus Chard on 0419 436 
633.  
  
HOW TO PREPARE FOR BASELINE TESTING  
Below are some instructions on how to prepare for the baseline testing.  
 For Walking Analysis:  
The University will provide black lycra shorts and a lycra-type top for you to wear during the walking 
analysis. If you own a pair of black lycra shorts and/or a lycra-type top, please bring them along so 
you can get changed into them. When you do the walking test, it will be without any shoes or socks. 
WHAT TO BRING WHEN YOU COME FOR YOUR ASSESSMENT 
Drink bottle and a small towel. 
Bring along reading glasses and hearing aids if used. 
If you normally use an assistive device to walk, bring it with you. 
HOW LONG THE ASSESSMENTS WILL TAKE 
Motion Analysis  
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The motion analysis takes 1.5 to 2 hours and will be conducted at the Cumberland Campus in 
Lidcombe.  
If any of these times are not suitable for you (either because of work or appointments), other 
arrangements can be made by calling Angus Chard on 0419 436 633.  
WHAT YOU WILL BE DOING ONCE YOU ARRIVE FOR BASELINE TESTING  
 • Motion Analysis: walking, jogging and side-stepping trials will be conducted over distance of 5 
metres 5 times (at your normal speed), balance trials will be with eyes closed standing on the right leg 
for 5, 10 second trials.  
HOW TO GET TO CUMBERLAND CAMPUS IN LIDCOMBE  
Cumberland Campus is located on East Street in Lidcombe (see road map on page 5).  
If you chose to drive to the campus, we will give you a parking code which enables you to park for 
free inside the campus. Enter the car park through Gate 1 (see campus map on page 9). We will give 
you a parking slip once you arrive which enables you to park for free inside the campus. The parking 
voucher needs to be displayed on your dash board at all times.  
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If you choose to drive to the Camps:  
The University of Sydney—Cumberland Campus, East St, Lidcombe (Map 232; E16) UBD Sydney 2001 37th Edition Street Directory  
If you choose to catch the train to the Campus:  
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Lidcombe Station is the closest station to the Cumberland Campus, below is a map outlining the train routes to Lidcombe  
  
  
Train  
City to Lidcombe   
Station   
  
Use Inner West Line  
( purple track) City to  
Liverpool via  
Regents Park  
  
Return fare from  
Central to Lidcombe  
is $2.50 (pensioner)  
  
Transit time approx.  
20  min from Central  
to Lidcombe  
 (see timetable on  
the next page)  
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If you choose to catch a bus from Lidcombe Station to the Campus:  
Transit First buses depart from outside Lidcombe Station (south side) and from the Cumberland 
Campus. The trip to the campus takes approximately 5-7 minutes. The fare (one-way) is 80 cents 
for concessions.  
Buses run from approximately 7am to 6pm:  
Between 7:15–9 am and 3:00–5:00pm, every seven minutes. 
Between 9:00 am and 3:00 pm and 5:00 pm and 6.00 pm, every 15 minutes. 
6–25 June and 14 November–3 December, every 15 minutes. 
BUS ROUTES 
915—Lidcombe / TAFE / University (28 February–25 June, 8 August–3 December). 
During semester from Monday to Friday only, 915 buses travel along East Street and terminate at 
the campus bus stop just inside Gate 2, near the Administration Building, then return to Lidcombe 
Station.  
918—Lidcombe / Auburn (stops in East Street, near Gate 1). 
This year-round service does not enter the campus, but stops in East Street, near Gate 1. Buses run 
at 1 or 2 hourly intervals. This service operates from approximately 7am to 6 pm on weekdays. 
Weekend services are less frequent. 
For more information, you can contact Transit First on 9793 2300.  
 If you choose to catch a taxi from Lidcombe Station to the Campus:  
The taxi rank is located just outside the train station on the south side. Once you exit the station, the 
taxi rank is down on your right-hand side. During the day, taxis arrive on a fairly regular basis. If 
you would like to book a taxi so that it will be there when you arrive at Lidcombe Station, the 
phone number is 13 10 17.  
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WHERE TO GO ONCE YOU HAVE ARRIVED ON CAMPUS  
  
: 
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If you drive to the Campus: 
Enter the car park (    ) through Gate 1. We will meet you inside that car park and give you a parking 
voucher which needs to be displayed on your dash board at all times.  
If you catch a bus to the Campus:  
Besides Bus route 918, buses will terminate at the bus stop inside the campus (   ) located through 
Gate 2. Please come to K-block, Dr Benedicte Vanwanseele will pick you up from there.  
If you catch a taxi to the Campus:  
If you catch a taxi from Lidcombe Station, ask the driver to take you to The University of Sydney on 
East Street, and asked to be dropped off inside Gate 2. Please come to K-block, Dr Benedicte 
Vanwanseele will pick you up from there.  
If you have any questions or concerns regarding anything in this information package, or the research 
project in general, please do not hesitate to contact Angus Chard on 0419 436 633.  
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Appendix 5 Parent/guardian consent form 
 PARTICIPANT CONSENT FORM 
 THE CHILDREN WALKING WELL PROJECT 
 I, ........................................................................................................................................................... 
[name] 
have read and understood the information for participants on the above-named research study and 
have discussed it with the researcher/s.  
 I am aware of the procedures involved in the study, including any inconvenience, risk, discomfort or 
side effect, and of their implications.  
 I freely choose to participate in this study and understand that I can withdraw without compromise at 
any time.  
 I also understand that the research study is strictly confidential. 
 I hereby agree to participate in this research study.  
 Signature:............................................................................................................................................ 
 Name:................................................................................................................................................... 
Date:..................................................................................................................................................... 
The University of Sydney 
Faculty of Health Sciences  
School of Exercise and Sport Science 
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Appendix 6 Participant information sheet 
RESEARCH STUDY 
The Children Walking Well Project  
PARTICIPANT INFORMATION SHEET 
You and your child are invited to take part in a study investigating the effects of shoe materials 
and construction methods of shoes on rearfoot motion during walking. There is little 
information available to describe the function of rearfoot motion of children who are undergoing 
developmental changes of the feet. It is known that shoe properties, such as sole flexibility 
and upper stiffness can influence the motion of the adult rearfoot inside the shoe during 
walking. The study is being conducted by Associate Professor Richard Smith, Dr Benedicte 
Vanwanseele, Dr Damien O’Meara, Angus Chard, Caleb Wegener and Alycia Fong Yan from 
the School of Exercise and Sport Science, and Dr Adrienne Hunt from the School of 
Physiotherapy.  
If you agree to participate in this study, your child will be asked to perform five walking, running, 
side stepping and balancing trials for each shoe condition. The side stepping trials involve 
changing direction while jogging over a force platform. Each balance trial is 10 seconds in 
duration and includes standing still on one leg, standing on both legs, both of these trials 
performed with eyes open and with eyes closed, and walking along a 1.5 metre straight-line 
on the floor. The shoe conditions include bare foot, school shoe, soft shoe and thongs. Your 
child will be filmed with digital cameras to determine the positions of retro-reflective markers. 
No video image of the performance will be recorded. Trials will take place in the Biomechanics 
laboratory of the School of Exercise and Sport Science, at Cumberland Campus of The 
University of Sydney. The data collection session will last for one-and-a-half hours per subject. 
All aspects of the study, including results, will be strictly confidential and only the investigators 
named above will have access to information about participants, except as required by law. A 
report of the study may be submitted for publication, but individual participants will not be 
identifiable in such a report.  
Participation in this study is entirely voluntary: you and your child are not obliged to participate 
and - if you or your child does participate - you can withdraw at any time.  
When you have read this information, Angus Chard will discuss it with you further and 
answer any questions you may have. If you would like to know more at any stage, please 
feel free to contact Associate Professor Richard Smith on 9351 9462, Dr Benedicte 
Vanwanseele on 9351 9328, or Dr Adrienne Hunt on 9351 9188. This information sheet is 
for you to keep. 
The University of Sydney  
Faculty of Health Sciences  
School of Exercise and Sport Science 
Any person with concerns or complaints about the conduct of a research study can contact the 
Manager for Ethics Administration, The University of Sydney on (02) 9351 4811. 
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Appendix 7 Media interest 
Radio interviews 
Thursday 22/10/09 Time Station Interviewer 
Radio 1:12 AM 702 ABC Richard Glover 
Radio 2:12PM Adelaide radio 
Radio 4:48 PM NSW State Wide Drive ABC 630 John Morrison 
Radio 9:36 PM Mike Walsh 
Friday 23/10/09 
Radio 6.00 AM 104.1FM Today FM Kiel and Jacquieo 
Radio 4:48 AM 3AW Radio Melbourne Ross and John 
Radio 8:24 AM ABC Radio Townsville Alex Chambers 
Radio 1:50 PM 6PR 882AM  Simon Bowmont 
Radio 3:05 PM ABC Canberra 666AM Gabriel Rumble 
 Radio 3:10 PM 2UE The 2 Murray's Murray Wilton 
Radio 3:20 PM ABC Queensland across the state Stacey Cater 
Radio 3:50 PM ABC Darwin 105.7AM Annie Gaskin 
Radio 4:48 PM ABC Northern Tasmania 91.7am Roisin McCann 
Monday 26/10/09 
Radio 10:20 AM ABC Perth Breakfast 7.20am 
Newspaper interviews 
Thursday 22/10/09 Publication Interviewer 
Newspaper Canberra Times Louie Andrews 
Newspaper Newcastle Herald Jeff Corbett 
Newspaper Inner Western Courier (front page) Lana 
Internet story appearances 
Australian Site Additional detail URL 
Internet The University of Sydney Home page 1 week www.usyd.edu.au 
Internet ABC Unleashed Katherine Taylor www.abc.net.au/unleashed/ 
Internet Yahoo.com Home page Yahoo.com 
Internet 9msn.com Home page 9msn.com 
Media portal report 
Two media portal reports were generated following my press release on the 22 October 2009. The 
multiple media pick-ups on the initial press release and subsequent newspaper and radio interviews 
indicate a high level of interest, generating a combined 88-page report.
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Appendix 8 International Society of Biomechanics in Sport: Full abstract 
EFFECT OF THONG STYLE FLIP-FLOPS AND SUPPORTIVE SHOES ON CHILDRENS 
BAREFOOT SIDESTEP KINEMATICS 
Angus Chard1, Andrew Greene2, Joshua Burns3, Richard Smith1 
Discipline of Exercise and Sport Science, The University of Sydney, Sydney Australia1 
Postgraduate Medical Institute, Faculty of Health, Social Care and Education, Anglia 
Ruskin University, Chelmsford, UK.2  
Faculty of Health Sciences, The University of Sydney, Paediatric Gait Analysis Service 
of New South Wales, The Children’s Hospital at Westmead, Sydney, Australia3 
Thongs and supportive shoes have been shown to alter children’s barefoot motion. 
However, the effect of thongs on other types of activities such as sidestepping are 
unknown. The purpose of this study was to evaluate the effect thong style flip-flops and 
supportive shoes have on childrens knee and foot motion during a jogging sidestep task 
when compared to barefoot. Eleven healthy children with no foot deformity (aged 8 to 13 
years) were recruited. Motion and force capture was used to record knee and multi-
segment foot motion. Motion adaptations while thongs were worn were restricted to the 
hallux and while supportive shoes were worn, occurred with knee, midfoot and hallux 
motion. All footwear conditions increased ankle inversion magnitude. Thongs had less 
effect on children’s barefoot sidestep motion than supportive shoes. 
KEY WORDS: cutting, gait, biomechanics, footwear, multi-segment, foot-model. 
INTRODUCTION: Jogging accompanied by directional change or sidestepping is typical of 
children’s physical activity and play and has been linked with ankle injuries (Spinks, 
Macpherson, Bain, & McClure, 2006) which represent 18% of injuries incurred by children 
(Taylor & Attia, 2000) and is the second most frequently injured joint following the knee 
(Fong, Hong, Chan, Yung, & Chan, 2007). Many ankle injuries involved lateral ankle sprain 
during sport with the typical mechanism of injury involving extreme inversion and plantar 
flexion and usually both  (Lundberg, Goldie, Kalin, & Selvik, 1989). 
Barefoot activity is considered preferable for healthy children’s foot function and 
development. (Walther, Herold, Sinderhauf, & Morrison, 2008) While footwear is regarded as 
necessary apparel for foot comfort and protection and has been shown to alter children’s 
natural barefoot motion. (Wegener, Hunt, Vanwanseele, Burns, & Smith, 2011) The effect 
sidestepping has on children’s barefoot and shod motion compared to jogging has been 
reported (Smith, Tong, O’Meara, Vanwanseele, & Hunt, 2013). Sidestepping exhibited 
increased hip abduction and restricted motion for the ankle, midfoot and first metatarsal 
phalangeal joint in the sagittal plane. Supportive shoes reduced midfoot sagittal plane range 
of motion and midfoot inversion during the stance phase.  
Thong style flip-flops are the preferred footwear of Australian children and have been shown 
to alter children’s barefoot jogging with increased ankle dorsiflexion and midfoot inversion 
during contact, increased midfoot plantarflexion during midstance and propulsion indicating a 
retention effect at the ankle and gripping effect of the midfoot and hallux. (Chard, Greene, 
Hunt, Vanwanseele, & Smith, 2013) However, overall findings suggest children’s foot motion 
while walking and jogging in thongs is more replicable of barefoot motion than supportive 
shoes.  Thongs may be preferable to other children’s footwear types, since the ideal footwear 
for a child’s developing feet is believed to be that which allows natural motion of the foot. 
In this study we examine the effect of thongs on healthy children’s knee and multi-segment 
foot kinematics during a sidestep task compared with supportive footwear utilising barefoot 
kinematics as baseline. We hypothesise that there will be fewer kinematic differences to 
barefoot when wearing thongs compared to supportive shoes.  
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METHODS: Study participants were 11 healthy children (7 girls and 4 boys) between 8 and 
13 years of age (mean age 10.6±1.4SD years) recruited from the metropolitan area of 
Sydney Australia. The University of Sydney Human Ethics Committee granted ethics 
approval for this study and a parent of the participant gave written consent prior to 
participation. 
Forefoot, rearfoot, shank and thigh segments were defined using 3 non-collinear reflective 
markers each (Chard et al., 2013) and is based on a previously described marker set with 
moderate to high inter session reliability (O'Meara, Smith R, Hunt, & Vanwanseele, 2007; 
Rattanaprasert, Smith, Sullivan, & Gilleard, 1999), where the ankle joint has three degrees of 
freedom and uses a detachable wand triad marker on the rearfoot. 
Participants practiced the jogging sidestep along the 12 metre walkway at a self-selected 
pace while visually attending to a distant line bisecting the lab to maintain direction prior to 
reaching the force plate area and side stepping at 
approximately 45 degrees.  Participants conducted
five sidestep trials while barefoot, wearing thongs 
(Figure 1a) or supportive shoes (Figure 1b) with the 
footwear condition randomised between participants. 
Figure 1. Example of a. simple non contoured unrestrictive thong and b. supportive shoe 
Motion (Cortex Version 1.1, Motion Analysis Corporation, Santa Rosa, USA) and force 
(Model 9281B, Kistler, Winterthur, Switzerland) were captured at 200 Hz using a 14 camera 
motion analysis system. Residual error for the motion analysis system was <0.5mm across 
all testing sessions.  
Sidestep resultant velocity was calculated and 3D relative angles calculated according to the 
method reported in Chard et al., (2013). The mean and 95% confidence intervals of five trials 
were calculated for each subject and the ensemble mean and 95% confidence intervals 
across participants were computed. Four events were used to define the three stance sub-
phases: foot contact (heel contact to foot flat), mid-stance (foot flat to heel rise) and 
propulsion (heel rise to toe off).  A three by five nested repeated measures analysis of 
variance was used (SPSS Version 22, IBM SPS Inc., USA) and  Bonferroni adjustments 
were made for multiple comparisons with a threshold of p<0.05. 
RESULTS: Results of resultant sidestep velocity and mean joint range of motion during 
stance are shown in Table 1. Time series for sidestep and previously reported barefoot 
jogging (Chard et al., 2013) appear in Figure 2a,b,c,e,f, together with, Figure 2d; an example 
of a single participant’s, single trial, sidestep displacement path. 
Mean differences of joint motion during the contact phase were an increase of 2⁰ in peak 
knee adduction when supportive shoes were worn (p=0.013, 95% CI [0, 3]) and 8⁰ less hallux 
dorsiflexion when supportive shoes were worn (p=0.001, 95% CI [4, 13]) and 10⁰ greater 
hallux dorsiflexion when thongs were worn (p=0.005, 95% CI [3, 16]) compared to when 
supportive shoes were worn. During midstance the hallux was 7⁰ less dorsiflexed when 
supportive shoes were worn (p=0.022, 95% CI [1, 14]) and while wearing thongs the hallux 
was 8⁰ more dorsiflexed compared to when supportive shoes were worn (p=0.033, 95% CI 
[1, 16]). At toe-off the hallux was 5⁰ less dorsiflexed when thongs were worn (p=0.009, 95% 
CI [1, 9]).  
DISCUSSION: The purpose of this study was to examine the effects of wearing unsupportive 
thongs and supportive shoes on knee and foot kinematics while children performed a 
sidestepping task. Motion seen during the sidestepping task in the present study are similar 
to results previously reported (Smith et al., 2013) for knee frontal, ankle and midfoot motion.  
For the present study reduced midfoot sagittal plane and frontal plane range of motion was 
seen during stance when supportive shoes were worn. (Table 1) This may be in part, due to 
constraints of the supportive shoe’s upper (Wegener et al., 2015) and the contoured arch 
support included within the shoe. Reduced hallux range of motion when wearing the 
a b 
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supportive shoe may also be due to constraints of the shoe upper. This restriction may have 
implications for reduced ground clearance theorised to be related to trips and falls (Barrett, 
Mills, & Begg, 2010) and mechanical fatigue of intrinsic foot muscles (Caravaggi, Leardini, & 
Crompton, 2010). 
Table 1. Mean velocity and joint range of motion and in three planes for barefoot, thong and 
supportive shoe while sidestepping.   
Sidestep 
 Variable Barefoot Thong 
Supportive 
Shoe 
Angle (°) SD Angle (°) SD p<0.05 Angle (°) SD p<0.05 
Knee Sagittal 39 6 37 6 0.178 40 7 1.000 
Knee Frontal 7 4 7 4 1.000 8 4 0.333 
Knee Transverse 15 5 14 5 1.000 16 4 1.000 
Ankle Sagittal 31 5 29 5 0.670 33 5 1.000 
Ankle Frontal 11 4 10 4 0.586 11 4 1.000 
Ankle Transverse 9 4 7 4 0.032 9 4 1.000 
Midfoot Sagittal 29 5 26 5 0.237 16 5 0.000* 
Midfoot Frontal 10 4 9 4 0.556 7 4 0.003* 
Midfoot Transverse 2 5 2 6 1.000 4 6 0.974 
Hallux Sagittal 24 5 19 6 0.048* 13 5 0.002* 
Mean velocity (m/s) 2.4 2.4 0.997 2.5 0.538 
*indicates significant difference of p< 0.05 compared to barefoot
Figure 2. Mean joint angles for sidestep while barefoot (red) with 95% CI’s (shaded red), 
wearing thongs (blue), supportive shoes (green) and barefoot jog (red dash). (d) Sidestep 
path of the sacral marker while barefoot (red), wearing thongs (blue) and supportive shoes 
(green).  
Greater magnitudes of ankle inversion (Figure 2f), were seen during the sidestep task when 
barefoot, wearing thongs or supportive shoes compared to barefoot jogging. As children 
prepare for directional change, a shift in centre of mass away from the supporting leg in the 
lab orientated X direction to the Y direction occurs (Figure 2d Sidestep Path). This is 
achieved with increased hip abduction which has been shown to have a different frontal 
plane movement pattern during sidestepping compared with jogging. (Smith et al., 2013) 
Increased ankle inversion magnitudes are necessary to support body weight during this 
a. Hallux sagittal b. Midfoot sagittal c. Ankle sagittal
d. Sidestep path e. Midfoot frontal f. Ankle frontal
dorsiflexion 
dorsiflexion dorsiflexion 
eversion eversion Y 
X 
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change in direction may place sidesteppers at greater risk of traction overuse of protective 
soft tissue everting structures necessary to resist inverting motion irrespective of footwear 
choice. 
CONCLUSION: Footwear did not affect ankle foot motion significantly during the sidestep 
when compared to barefoot. Thongs had a minor effect of barefoot sidestep with reduced 
hallux range of motion adaptations seen over the stance phase and less hallux dorsiflexion 
evident at toe-off. Supportive shoes had a splinting effect (Wolf et al., 2008) with reduced 
midfoot sagittal, frontal and hallux ranges of motion. Sidestepping saw a large magnitude of 
ankle inversion across conditions when compared to barefoot jogging. Clinicians, coaches 
and trainers should place greater emphasis on conditioning ankles for the sidestepping 
action than focus on footwear.  
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